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DEFORMATION MONITORING, ANALYSIS, AND PREDICTION - STATUS REPORT

L.A SURVEILLANCE, L'ANALYSE, ET LA PREDICTION DE D#FORMATIONS - UN
RAPPORT DE STATUS

DEFORMATIONSOBERWACHUNG, -ANALYSE UND -PRADIKTION - EIN
STATUSREPORT

A. Chx-zanowski and Y.Q. Chen - Canada

SUMMARY

New space techniques, coordinating systems with electronic theodolites, as well as
high precision geotechnical and other non-geodetic instrumentation, close the gap
between the regional and very local deformation surveys. Integration of various
monitoring techniques calls for an interdisciplinary approach to the deformation
surveys and analysis. All basic problems of geometrical analysis of deformation
surveys in the static and kinematic modes have been solved. Additional research
is needed for a proper design of the integrated monitoring surveys, for monitoring
and analysis of dynamic deformations, and for physical interpretation and
prediction of deformations.

RtSUMt

Le dosaccord entre les 6tudes de d~formation r6gionale et de deformation locale
se diminue grAce A des nouvelles techniques spatiales. A des syst~mes de
coordonation et de mesurage 6lectroniques de distance avec los th~odolites
dlectroniques, ainsi qu'A l'instrumentation gdotechnique (trbs pr~cise) et non-
gdotechnique. L'int6gration do plusiours techniques db surveillance demande une
approche interdisciplinairo A 1r6tude et l'analyse de Ia deformation. Tous los,
problbmes tondamontaux de l'analyso g6om6trique des dtudes de d~formation
kindtique et statique furent r~solus. 11 faut de la recherche suppidmentaire dans los
domaines de la conception des 6tudes do surveillance int6gr~es, de la
surveillance et l'analyse de d6formations; dynamiques, ainsi que do r'ifterprdtatiofl
physique et la prediction de d~formations.

ZUSAMMENFASUNG

Noue RaummoBvertahren, Koordinierungssysteme mit elektronischen Theodoliten,
sowie pr~zise geotochnische und andere nicht-geod~tische Instrumento schliel~en
die L-Ocke zwischen regionalen und sehr lokalen Deformationsvermessungen. Die
Integration verschiodenartigor Ober- wachungstechnologien verlangt omnen
interdisziplingren Zugang zu Deformations- messung und -analyse. Alto
pninzipiellen Probleme der geometnischen Analyse von Deformationsmessungen
sowohl im statischen als auch im kinemnatischon Modus sind als gelbst zu
betrachton. Woitore Forschung ist notwendig sowohl zur Entwicklung eines
geoigneten Designs frjr integnierte Deformationsmessungen und -analysen als
auch in der physikaischon Interpretation und Pr~diktion von Deformationen.
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1. INTRODUCTION

Study Group C, dealing with the problems of monitoring and analysis of
deformation surveys, has always been one of the most vital groups of FIG
Commission 6. This is not surprising because deformation surveys have always
been of major importance in engineering surveys. Due to the ever growing
technological progress in all fields of engineering and, connected with it, the
growing demand for higher accuracy, efficiency, and sophistication of deformation
measurements, survey engineers must continuously search for new monitoring
techniques and refine their methods of deformation analysis. Study Group C has
played a very important role in providing a forum for the exchange of information in
the new developments by organizing technical sessions during FIG Congresses
and, more importantly, by organizing specialized international symposia on
deformation surveys, such as, in 1975 in Krakow, Poland; in 1978 in Bonn, West
Germany; in 1982 in Budapest, Hungary; in 1985 in Katowice, Poland; and in 1988
in Fredericton, Canada. The next (6th) symposium is to be held in Hannover, West
Germany, in 1991. The published proceedings of these symposia provide an
enormous wealth of information on the development of new techniques and new
methods in monitoring and analysis of deformations. One should commend the
organizers of the symposia and the chairmen of Commission 6, most of whom have
personally contributed to the generally excellent contents of the technical sessions
on deformation surveys; namely, Professor T. Lazzarini of Poland, Professor L
Hallermann of West Germany, Dr. A. Detrek~i of Hungary, and Dr. G. Milev of
Bulgaria, just to mention a few from the long list of many important contributors.
Special appreciation is owed to Dr. A. Platek of Poland, who until 1988 led Study
Group C, for his efforts and many technical contributions which have laid a
foundation for the present approaches to integrated deformation analysis.(e.g.
Platek [1974]).

Since 1978, the main activity of Group C has concentrated on the geometrical
analysis of deformation surveys within an ad hoc Committee on Deformation
Analysis which was created at the 2nd symposium in Bonn. Therefore, in this brief
report on the status of deformation surveys, emphasis is placed on the analysis,
including physical interpretation, rather than on the status of the monitoring
techniques which are reviewed only very briefly in Section 3 below.

2. INTERDISCIPLINARY STATUS OF DEFORMATION SURVEYS

One should point out that FIG is not the only international organization concerned
with deformation surveys. For instance, Commission 4 of the International Society
for Mine Surveying (ISM) deals with deformation studies in mining areas. At the
last congress of ISM in Leningrad in 1988, more than half of the several hundred
presented papers dealt with monitoring techniques, analysis, and interpretation of
ground movements and related deformations. The International Commission on
Recent Crustal Movements of the International Association of Geodesy (lAG) is very
active. During their last symposium in Edinburgh in 1989, several sessions dealt
with the use of new techniques, particularly the Global Positioning System (GPS)
and its integration with terrestrial geodetic surveys in the regional and continental
studies of the earth's crustal movements. Commission 5 of the International
Society for Photogrammetry and Remote Sensing (ISPRS) deals with aspects of
photogrammetric deformation surveys and uses of new techniques such as solid
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state (CCD) cameras and integrated measurements. Besides the surveying and

geodetic organizations, practically all engineering organizations which deal with

geomechanics and structural engineering, such as the International Society ot

Rock Mechanics, the International Commission on Large Dams (ICOLD), the

International Society of Soil Mechanics and Foundation Engineering, ard several

others, have working groups which deal with deformation studies.

There is little or no exchange of information and, certainly, there is no coordination
of the work performed by the individual organizations in the field of deformation

surveys. This leads to an unnecessary duplication of effort and outdated
"discoveries* (development of "new* methods or concepts which have already
been used by other specialists for many years). Hopefully, the recently organized
International Union of Surveying and Mapping (IUSM) will take care of the

coordination of work, at least, among the surveying and geodetic organizations.
However, more work is required to create a truly interdisciplinary approach to the

design, analysis, and interpretation of deformation surveys. The need for an
interdisciplinary approach and for the integration of various techniques, such as
those used by surveyors and geodesists with those used by geotechnical and
structural engineers, has long been recognized by many authors (e.g. Janusz
[1971]; Lazzarini and others [1977]; Platek [1974]; Chrzanowski (1986]). The first
major step in correcting the situation," however, was not made until 1988 when the
aforementioned 5th FIG Symposium on Deformation Measurements was organized
together with the 5th Canadian Symposium on Mining Surveying and Rock
Deformation Measurements as an interdisciplinary conference on deformation
monitoring, analysis, and prediction. The main goal of the conference was to bring
together surveying, structural, geotechnical, and mining engineers, as well as
geodesists and geophysicists to exchange information and to develop a closer
cooperation in areas of common concern. Among the resolutions of the conference
we find [Chrzanowski and Wells, 1988, p. 614]:

Recognizing that the 5th International (FIG) Symposium on Deformation
Measurements and the 5th Canadian Symposium on Mining Surveying and
Rock Deformation Measurements brought together experts from different fields
with the common concern regarding deformations, be it resolved that FIG seek
better communication with:

the International Society of Rock Mechanics,
the International Society of Soil Mechanics and Foundation Engineering,
the International Society of Mining Surveying,
the International Congress on Large Dams,
the International Union of Geodesy and Geophysics,

with the aim of holding a truly interdisciplinary symposium on deformations and
promoting local communication on the subject matter.

Thus, the organizers of the 6th FIG Symposium (Hannover 1991) have a task to

organize it in a truly interdisciplinary spirit.

3. STATUS OF MONITORING TECHNIQUES

As far as new survey techniques are concerned, the technological progress of the
last few years in electronics and in automation of measuring systems has gone
beyond the control of surveyors who are becoming simply the users of the new
techniques, learning about their potentials and possible applications. The impact
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of the surveying community on the development of the new techniques has been
minimal and has been reduced to only the adaptation of existing technology to
particular applications. As far as the instrumental precision, automation in the
measuring procedures (robotics), and continuous and remotely controlled data
acquisition are concerned, the only limitations are economical not technical. At a
cost, one may achieve almost any, practically needed instrumental resolution and
precision, full automation, and almost real-time data processing.

As far as the actual accuracy of deformation surveys is concerned, the main limiting
factors are not the instrumental errors but the environmental influences.
Atmospheric refraction (tropospheric and ionospheric) is still the number one factor
in any electromagnetic and electro-optical geodetic surveys despite the application
of dual frequency measuring systems which are still too expensive for engineering
applications. Thermal influences, affecting the mechanical, electronic, and optical
components of the instruments (in any type of instrumentation) as well as the
stability of the stations involved in the monitoring scheme, are another
environmental source of errors. In long-term measurements, the instrumental
repeatability (precision) may be affected by aging of the electronic components and
resultant drift of the instrumental readout. Proper calibration techniques may
reduce the last two effects.

It is not a purpose of this report to discuss and list all the new types and models of
instruments used in monitoring surveys because there is such a vast technical and
commercial literature available on the subject that all participants of this congress
certainly are familiar with all the new developments. Only general comments on
the different techniques are given below.

Traditionally, the monitoring techniques have been categorized into three broad
groups, according to the main groups of professionals using the technique:
0 geodetic surveying (space and terrestrial) and photogrammetric measurements

(aerial and close range terrestrial)
* geotechnic.l and structural engineering measuring techniques (direct

measurements of deformations using strainmeters, various types of
extensometers, suspended and inverted pendula, tiltmeters, inclinometers,
various deformeters, etc.)

a special non-geodetic (industrial metrology) techniques of high precision
(interferometric measurements, hydrostatic levelling, precision alignment, new
holographic methods, etc.)

The above classification has also been connected with the historically different
purposes and different accuracies produced by the three groups of instrumentation
in the past. Even within the geodetic surveying methods, the space techniques
used to be classified separately from the terrestrial and photogrammetric
techniques because to their different applications. Due to the technological
progress of the last decade, however, this differentiation of techniques, at least from
the accuracy point of view, becomes artificial. For example, the recently developed
3-D coordinating systems with electronic theodolites which employ the traditional
terrestrial surveying methodology, currently replace the opto-mechanical
techniques of the highest precision in industrial metrology measurements [Wilkins
et al., 1988]. Also, close-range, real-time photogrammetric techniques with solid
state cameras (CCD cameras) compete successfully with traditional industrial
metrology techniques IGruen and Kahmen, 1989]. New space techniques like the
Global Positioning System (GPS), even before the system is fully operational, give

' I I I I I I I I I II
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the accuracy which is compatible with precision terrestrial surveys over medium
distances (several kilometres), and much higher relative accuracy over long
ranges. For instance, GPS measurements have been successfully combined with
first-order geodetic levelling in ground subsidence studies in oil fields in Venezuela
[Leal, 19891. Thus, the technological gap between the regional and very local
deformation measurements is narrowing and the array of different types of
instruments available for any type of deformation studies has been significantly
broaden. Surveyors should more than ever grasp the advantage of the variety of
instrumentation available to design optimal monitoring schemes.

There are still some limitations to geodetic surveying methods in comparison with
geotechnical techniques. Geodetic and photogrammetric surveys are limited only
to open areas and cannot be used in detecting local deformations inside the
material of the deformable body. Deformations in foundations of large engineering
structures and relative movements of different soil and rock layers in slope stability
studies are examples in which the geotechnical type of instruments must be used
(Chrzanowski, 1986]. An excellent review of the geotechnical instrumentation is
given by Dunnicliff [1988].

Geotechnical instrumentation can be easily adapted for continuous and telemetric
data acquisition with an instantaneous display of deformations which is very
advantageous in comparison with the slow, labour intensive, terrestrial surveys.
The recently developed survey robots with motorized electronic theodolites and
built-in vision system (e.g., Wild ATMS and Geodimeter servo-robot 140SR [Gruen
and Kahmen, 1989]) cannot compete with the geotechnical instrumentation which
does not require intervisibility between the stations and is operational practically in
any environmental conditions. The geotechnical and particularly special non-
geodetic instruments, such as invar wire extensometers, laser interferometers,
diffraction aligning equipment, and laser holography [Takemoto, 1989], offer
accuracies in the order of a few hundredths of a millimetre in localized
measurements.

For the above reasons, the trend in the last few years has been to adopt
geotechnical and special non-geodetic instrumentation for deformation surveys not
only in the areas which are inaccessible for geodetic and photogrammetric surveys
but also in studies where geodetic monitoring networks could have been used. If it
continues, this tendency may lead to an unhealthy situation in which the usefulness
of the geodetic and photogrammetric surveys will become underestimated by those
who favour the geotechnical instrumentation.

Here, one should point out to those who advocate the use of geotechnical methods
that the geotechnical instrumentation also has weak points despite the
aforementioned and indisputable advantages. First of all, the measurements are
very localized and they may be strongly affected by local disturbances (noise)
which do not represent the actual deformations. Since the local observables are
very often not geometrically connected with observables at other monitoring
stations, any global trend analysis of the deformations is much more difficult than in
the case of geodetic surveys unless the observing stations are very densely
spaced. The geomechanical, rock mechanics, and structural engineers, who are
the main users of the geotechnical instruments, are usually less acquainted than
survey engineers and geodesists with the evaluation of the measuring data and
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calibration of measuring instruments. On the other hand, most surveyors

demonstrate complete ignorance in the use of other than geodetic techniques.

One could cite many examples of deformation analyses being conducted on the

same object separately by both survey engineers and other engineers using only

their own survey data obtained with their own instrumentation. Both groups have

not fully recognized the advantages and disadvantages of various measuring

techniques and, perhaps, they have not known how to combine geodetic and

geotechnical results into an integrated analysis, which is briefly discussed in the
next section.

4. ANALYSIS OF DEFORMATION SURVEYS

The analysis of deformation surveys includes:
"* geometrical analysis which describes the geometrical status of the deformable

body, its change in shape and dimensions, as well as rigid body movements
(i.e. translations and rotations) of the whole deformable body with respect to a
stable reference frame or of a block of the body with respect to other blocks, and

" physical interpretation which explains the relationship between the causative
effects (external and internal forces) and deformations.

Until very recently, the surveying community conc:entrated mainly on geometrical
analysis, particularly or' :he analysis of geodetic monitoring networks. At the last
FIG Congress in Toronto, the aforementioned FIG ad ho- Committee on
Deformation Analysis presented a detailed report [Chrzanowski and Chen, 19861
on the progress in geometrical analysis, and the members concluded that all basic
problems of geometrical analysis had been solved and no further international
activity in that area was needed. This was reflected in one of the resolutions of the
5th FIG Symposium in 1988 which reads [Chrzanowski and Wells, 1988, p. 614]:

Considering the history and actions of previous international symposia on
deformation measurements and the work of the ad hoc committee that this
symposium comes to the conclusion and complete agreement that the methods
of geometric deformation analysis are well understood and have reached the
standard where they should be made applicable to other engineering
disciplines.

At the same time, the Committee decided to become more active in aspects of
physical interpretation, particularly in the aspects of an optimal combination of
geometrical analysis with the physical interpretation for the purpose of a better
understanding of the mechanism of deformations and a better design of monitoring
surveys. Extensive reviews of the up-to-date methods used in physical
interpretation have been given in Chen and Chrzanowski [1986] and Chrzanowski
et al. [1990]. A brief general review of the status of the deformation analysis is
given below.

4.1. Geometrical Analysis of Deformation Surveys

When analysing geodetic monitoring surveys, the monitoring networks are
classified as:
* absolute networks, comprised of reference points established outside the

deformable body and of object points, and



604.1/7

relative networks, in which all the survey stations and observed points are
located on or within the investigated object.

The main problem in geometrical analysis of absolute networks is the identification
of unstable reference points, while in the analysis of relative networks,
determination of the deformation pattern in space and in time domains is a major
concern.

The identification of unstable reference points, so important in defining the datum
for the displacement calculations of the object points, has been a subject of
intensive investigation over the past several decades. According to Lazzarini and
others [1977], Z611y and Lang of Switzerland were among the first, in the 1920s, to
advocate the inspection of differences of raw observations rather than differences
of datum dependent coordinates in identifying unstable reference points. In the
1960s and 1970s, Lazzarini developed the whole school of thought in deformation
analysis based on the estimation of the displacements directly from differences of
observations rather then from single epoch adjusted coordinates. He developed a
method [Lazzarini, 1975] to identify unstable reference points based on a
minimization of the displacements through a transformation of the displacements.
In the 1970s, another school of thought was initiated by Pelzer [1971; 1974] based
on statistical testing (congruency test) of quadratic forms of the residuals of
observations obtained from single epoch and simultaneous two-epoch adjustments
of the monitoring network. The two schools of thought have led to the development
(in most cases in an independent way) of several methods of the identification of
unstable reference points which may be categorized into two groups:
• those based on the congruency test [Pelzer 1974; van Mierlo, 1978; Niemeier,

1981; Heck, 1983; Grrndig et al., 1985], and
. those based on defining the datum which is robust to unstable reference points.

1n the first case, a failure in the congruency test is followed by a search for the new
congruency test which has the minimum statistic. The test statistics are calculated
by in turn removing, one by one, points from the set of reference points until all the
unstable points are identified. In the second case, one of the developed strategies
is based on an iterative weighted similarity transformation of the displacements
until the first norm of the vector of the displacements of the reference points is
minimized [Chen, 1983; Chrzanowski et al., 1986b]. A similar method is used by
Caspary [19841 by minimizing the summation of the lengths of the displacements
for all the reference points. All the above methods give compatible results, and one
may say that the problem of identifying unstable points has been solved and no
more research is needed in this area.

Analysis of relative monitoring networks is more complicated. The deformation
pattern and general trend of the deformation in the space domain may be identified
from the relative displacements through the aforementioned iterative weighted
transformation of the displacements. Welsch [1983) proposes to identify the trend
by dividing the deformable body into smaller elements and by assuming a linear
deformation in each element. The trend is then deduced from the differences in the
deformation parameters (strains) in each element. The deformation trend in the
time domain is obtained from the analysis of time series of observations for each
observable [Prescott et al., 1981; Chrzanowski et al., 1989a]. Some authors
assume the deformation between two epochs of observations to be linear in time
and estimate just the displacement rate for each surveyed point (e.g., Papo and
Perel muter [19821).
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The deformation trend is used in selecting a deformation model which would
describe the actual geometrical status of the deformed object. As accepted by the
FIG ad hoc Committee, the deformation of a 3-D body is fully described if nine
deformation parameters (six strain components and three differential rotation
components) can be determined at each point of the object. These parameters can
be calculated from well-known strain-displacement relationships if a displacement
function representing the deformation of the object is known. In addition,
components of relative rigid body motion between blocks should also be
determined if discontinuities exist in the body. Thus, as suggested by some earlier
authors (e.g. Czaja [1971]; Platek [1974]) and as refined and generalized within the
activity of the FIG ad hoc Committee [Chrzanowski et al., 1982; Chen, 1983], the
main task of geometrical analysis is to find a deformation model, expressed in
terms of a displacement function, which characterizes the deformation in space and
time. Since, in practice, deformation surveys involve only discrete points, the
function describing the displacement field must be approximated through some
selected model which fits into the observation data (e.g., the relative displacements
in the case of the relative geodetic network) in the best possible way. If no a priori
information (the deformation trend or a prediction model) of the expected
deformation is available, a process based -on fitting a general polynomial with aniterative elimination of the insignificant coefficients has been proposed by
Chrzanowski et al. [1983] and Chen [1983] until the best (statistically) model is
obtained. The least-squares criterion is commonly used for the estimation of the
deformation parameters. The technique of robust estimation, however, which is
less sensitive to model errors, has also been proposed [Caspary, 1988].

Recently, survey engineers have become more involved in the analyses ofintegrated monitoring schemes in which geodetic (space and terrestrial) and
photogrammetric surveys are combined with geotechnical and other non-geodetic
measurements (direct measurements of strain, tilt, inclination, etc.). The process of
geometrical analyses of integrated surveys is basically the same as outlined above
for geodetic monitoring networks as long as the approximate coordinates of all
survey stations are known. The displacement field, in this case, is determined
through fitting a selected deformation model (expressed in terms of displacement
functions) directly to the raw observations. Functional relationships between any
type of observables and displacements of involved survey stations are given in
Chen [1983], Secord [1985], and Chrzanowski et al. [1986b].

Chrzanowski et al. [1989a] and Chrzanowski et al. [1986a] give two examples of
the integrated geometrical analysis, which utilize the approach given above. The
first example describes a complex integrated analysis of a power dam involving
geodetic and various geotechnical measurements (tape and borehole rod
extensometers, pendula, joint meters). The second example, involving geodetic.
photogrammetric, and electronic tiltmeter measurements, is related to a slope
stability study in a mining area. Both examples indicate that, practically, all the
basic problems of integrated geometrical analyses have been solved. The only
aspects remaining for possible further research are the choice of the statistically
best deformation model, if more than one model seems to fit well into the observed
deformations, and modelling of systematic errors of deformation measurements, ifthe systematic errors differ between survey campaigns. For instance, when
combining GPS with levelling surveys in ground subsidence studies [Chrzanowski
et al., 1988; Steinberg and Papo, 1988], the GPS-derived height differences may
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be contaminated by some sources of bias which are a function of the geometry of
the satellites. The geometry and the resulting bias may be different in each survey
campaign. Thus, the systematic errors do not cancel out in the subsidence
calculations. If the bias is included in the deformation model as an unknown
parameter, however, its value and its significance may be estimated through the
integrated analysis because levelling and GPS measurements are not affected by
the same systematic errors [Chrzanowski et al., 1989b].

Several software packages for geometrical analysis have recently been
developed, for example, DEFNAN [Chrzanowski et al., 1986b], PANDA [Niemeier
and Tengen, 1988], and LOCAL [GrOndig et al., 19851. Some of them (e.g.,
DEFNAN) are applicable to the integrated analysis of any type of deformations,
while others are limited to the analysis of reference geodetic networks only.

Generally speaking, all problems of static and kinematic geometrical analyses of
deformation surveys have been solved. Geometrical analysis of dynamic
deformations, e.g., vibration of machines, deformation of bridges due to dynamic
loads, and dynamic behaviour of tall buildings under wind loading, has not been a
subject of investigation of the FIG ad hoc Committee, and it may still require
additional research. The main interest in data analysis of dynamic deformations is
to define the frequencies of the oscillations and the corresponding amplitudes of
the deformation. The Fourier transformation technique may be employed in these
cases. Maurer et al. [1988] give some practical examples.

4.2. Physical Interpretation and Prediction of Deformations

Physical interpretation* of deformations is performed to determine the physical
status of the deformable body, the state of internal stresses and, generally, the
load-deformation relationship. Once the relationship is established, the results of
the physical interpretation may be used for a development of prediction models.
Through a comparison of predicted deformations with the results of the geometrical
analysis of the actual deformations, a better understanding of the mechanism of the
deformations is achieved. Thus, the survey engineers, with the results of their
integrated geometrical analysis, may significantly contribute to the physical
interpretation. On the other hand, the prediction models which, in most cases, are
developed by other specialists, supply information to surveyors on the expected
deformation, facilitating the design of the monitoring scheme as well as'the
selection of the deformation model in the geometrical analysis. Unfortunately, the
above scenario of the truly interdisciplinary approach to the design and analysis of
deformation surveys has not yet been fully implemented in practice. The reasons
are an inadequate understanding by surveyors of the methods of the physical
interpretation and inadequate familiarization of other specialists with the
comparatively new methods of geometrical analysis of integrated surveys. Within
the last few years, one can see progress in the right direction, at least within the
survey community, with more papers on the physical aspects of deformations being
presented at the surveying and geodetic meetings and conferences (e.g., Chen
and Chrzanowski [1986]; Teskey [19861; Milev [1988]; Szostak-Chrzanowski
[1988]; Chrzanowski and Chen [1990]). Only a few comments on the methods of
physical interpretation are given in this presentation.

The determination of the load-deformation relationship may be obtained by using
either of the two methods:
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* a statistical method (regression analysis), which analyses the correlations
between observed deformations and observed loads (external and internal
causes producing the deformation) and

* a deterministic method, which utilizes information on the loads, properties of the
materials, and physical laws governing the stress-strain relationship.

The statistical method is of an a posterori nature because it utilizes the past data
through a regressive analysis in establishing an empirical prediction model of
deformations as a function of loads. The deterministic method is of an a priori
(design) nature. Due to difficulties in solving usually complex differential
equations, which describe the relationship between the external forces and internal
stresses, the deterministic method is based on approximate solutions using
numerical methods. The finite element and, to a lesser extent, boundary element
methods are the most popular and, perhaps, the most powerful tools in numerical
analysis.

The statistical method has been used in engineering, for instance, in dam
deformation, for several decades, while the deterministic method could have been
employed only after large computers became available. Therefore, there is still an
open field for research in the applications of the deterministic method.

In a comparison of the two methods of physical interpretation, each has its
advantages and drawbacks. The statistical method does not require knowledge of
the material properties of the deformable body which, sometimes, may be difficult to
determine. From the point of view of prediction, good agreement between the
predicted deformations and the observed ones is usually obtained if a long series
of observations of both the deformations and the causative effects are available. A
separation of different effects is sometimes difficult in the statistical method when
the different causative factors are strongly correlated. On the other hand, the
deterministic method does not require any observations of the actual deformations.
Therefore, it is the only method for predicting deformations at the design stage of a
new engineering project. Due to many uncertainties in deterministic modelling,
however, including imperfect knowledge of the material properties, wrong
modelling of the behaviour of the material, and approximation in calculation, the
accuracy of predicted deformations using the deterministic method is usually low,
particularly in geotechnical projects dealing with non-linear behaviour of soil and
rocks. Therefore, a combination of both methods is recommended. For instance,
various empirical prediction models of ground subsidences in mining areas have
been known since the 1920s. They could be successfully used, however, only in
cases of a simple geometry of the mining extraction and only in the same mining
areas and in the same geological conditions from which the observation data for
the statistical modelling was available. Recently, a universal and successful
method for ground subsidence prediction has been developed JSzostak-
Chrzanowski, 1988] which is based on an iterative non-linear elastic finite element
analysis. The method has not been developed as a purely deterministic method,
however, because it uses some empirically determined general properties of rocks
treated as non-tension material.

Many examples of a simplified combination of two methods of interpretation
concerning dam deformations have been given in ENEL [1980]. They calibrated
the constants of the material properties using the discrepancies between the
displacements of a point at different epochs calculated from FEM and the
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measured ones. One must be aware, however, that if the real discrepancy comes
from other effects than the incorrect values of the constants, the model may be
significantly distorted.

Recently. Chrzanowski et al. [1990] have developed a concept of global
integration, where all three - the geometrical analysis of deformations and both
methods of physical interpretation - are combined. Using the concept.
deformation modelling and understanding of the deformation mechanism can be
greatly enhanced. T)he research is in progress.

5. CONCLUSIONS

Summarizing this report on the status of deformation monitoring, analysis, and
prediction, a general conclusion is that within the activity of the FIG group 6C over
the last few years, most attention has been paid to and most significant progress
has been made in the geometrical analysis of deformation surveys. Presently,
attention is being shifted towards the physical interpretation, towards integration of
geometrical analysis with the methods of physical interpretation, and towards -n
interdisciplinary approach to the design and analysis of deformation surveys.
far as future activity is concerned, more research and international cooperatio
still needed in the areas of:
"* optimal design of the integrated monitoring schemes,
"* adaptation of new technologies to Integrated monitoring surveys, particularly to

monitoring dynamic deformations,• development of procedures and techniques for calibration of geotechnical and
special non-geodetic instrumentation,

• further developments in the integration of geometrical analysis with the physical
interpretation methods in a truly integrated and interdisciplinary analysis of
deformation surveys.
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Abstract

Modem electronic and sophisticated optical and mechanical instrumentation provide
the survey engineer with enhanced accuracy, ease of operation, and facility in data

collection. Submillimetre and subsecond accuracies have become a matter of routine.
Measurements can now be done virtually at the press of a single button or automatically

with the data being similarly stored and eventually processed. Nonetheless, most sources
of error still persist and there must be an awareness of these errors in order to fully exploit
modem equipment and to design an effective monitoring scheme. Even with modern
technology, the limitation imposed by the environment, especially through refraction,

dominates.

In the context of comparing repeated campaigns of observations, this paper pursues

deformation measurements made by traditional geodetic instrumentation and the
considerations that must be made in such adaptation.



1. Introduction

In the monitoring of deformations, terrestrial survey methods involve the

measurement of geometric angular and linear relationships by either optical, mechanical, or
electronic means. Many of these methods are the adaptation of conventional geodetic
positioning methods and instrumentation but with some subtle differences in the
philosophy of measurement and with stretching instrument performance to the limit of
accuracy and precision.

Although the trend in modem technology is toward the utilization of elaborate and
sophisticated extra-terrestrial positioning techniques and hence their repetition in the
monitoring of deformations, the more conventional terrestrial techniques are still viable in
isolated monitoring schemes, especially for economy and relative accuracy.

Modem electronic instrumentation provides enhanced accuracy, ease of operation,
and facility in data collection; however, the main obstacle to precision and even higher
accuracy is still the effect of the measuring environment, the earth's atmosphere. A change
in the velocity of electromagnetic radiation, due to temperature gradients across and along
the path, results in curvature of the line of sight when measuring angles or when levelling
and in change in magnitude (scale) in electro-optical distance measurement (EODM).

The references and suggested readings cover well most of the aspects of the
measurement of angular relationships (horizontal angles or directions, azimuths, and
vertical or zenith angles) and of linear relationships (slope or horizontal distances and
vertical height differences). The most salient of these will be presented here, including
general considerations in using geodetic methods for monitoring as opposed to positioning
and in the concern for station mark or pillar stability and specific considerations when
measuring horizontal and vertical angles; when measuring distances by optical,
mechanical, or electro-optical means; and when measuring height differences by geometric
levelling or by trigonometric height traversing. Also discussed is the concept of integrated
monitoring using readily available commercial systems or components for facility in
observation, increase in speed, and enhancement of accuracy.



2. Using Geodetic Methods for Monitoring

The problem of deformation monitoring using conventional geodetic (geometric)
observables may be divided into two intentions:

a) reference networks, or

b) relative networks

as illustrated in Figure 1. In order to describe the behaviour of a well defined object of
interest, a reference network of stations (points occupied by instrumentation) is established
with respect to which the behaviour is described as reflected in the movement of the object
points. The stability of the reference stations is paramount to the description and the
observation scheme must provide for this ensurance and allow for a contingent reference if
instability were to arise. Also, the object points must be placed on the body of interest at
appropriate locations and in sufficient number to resolve the behaviour. On the other hand
is the relative network in which all the stations are situated on the body and the description
of deformation involves all of the stations and their relative movement. In this case, the
stability of the station is its attachment to the body and its movement properly reflecting the
deformation as in the object points mentioned above. Hence, in both types of network,
there should be concern for station mark or pillar stability as discussed in section 3 below.

The adoption of geodetic methods in monitoring requires some subtle changes in the
philosophy of measurement. Relative positioning and repeatability over-ride the customary

geodetic concern for positioning since, in monitoring, it is the change in position rather
than the position itself which is of major interest.

In the comparison of a pair of campaigns, the random errors in each combine
together while the systematic errors would cancel in the differencing provided that they
were of the same nature in both campaigns. Two avenues of analysis are available, based

on:

a) coordinate differencing, or

b) observation differencing.

The former involves single campaign adjustments and provides an assessment of the
consistency of the observations together in a network at the cost of requiring a complete
configuration as is required for geodetic positioning and of being contaminated by
systematic errors of which there is no account. The latter, observation differencing,
obviates the necessity of a complete configuration and removes the contamination except
when the systematic effects do not persist through both campaigns as would be the case
through seasonal variations, especially in air temperature and its gradient. However,
differencing requires that the same observables are repeated in the subsequent campaigns



and that the same instrumentation and observer are employed. This is difficult to guarantee
because of the nature of some observables, notably directions which have an orientation

parameter for each bundle, and because of the usual logistical complications.
The differences in philosophy between monitoring and positioning stem from these

approaches. Since the analysis is based on differencing, the absolute scale of a network
does not have to be determined. It is only necessary to ensure that it does not change or
that its change can be well determined. The former case would occur in a reference pure

triangulation network with several stations proven to be stable. The latter would be the

case in a relative trilateration network measured by well calibrated EODM instruments

(EODMI) as discussed in section 7. If observation differences are taken, these two
relaxations are allowed. Further, it is not necessary to maintain a complete configuration

and isolated, but repeated, observations may be used, e.g., a solitary repeated distance
may be used if its orientation can be sufficiently described for the design matrices. This is
also true for some aspects of datum defects. If the network is isolated and yet there is at
least one reference sight that is distant by about five times the aperture of the network

[suggested by Chrzanowski (1981)], then the orientation of the network or subsections of
it may be checked by several of these sights even though the distances to the sight may be
known only approximately.

The requirement for a complete configuration can be further relaxed to having targets
eccentric to the instrument stations as shown in Figure 2, for a simple triangular

component of a network. None of the angles involves the other instrument station and the
misclosure of the triangle cannot be determined; however, the relative displacement of the
three stations can be determined from the changes in the angles since each target is firmly
att•zhed to its associated station. This would more likely apply to a reference network for
which the supposition is that the stations are relatively stable and a significant change in

the value of the angle would raise suspicion on the station triplet relative stability and
would require investigation and further analysis. The same principle would hold for

eccentric retroreflectors for EODMI.

One other aspect contrasting monitoring with positioning, the duration of a cam-
paign, may be obvious but should be mentioned. Inherent in the monitoring process is the
repetition of measurements. The frequency of repetition is closely related to the rate at
which the body is deforming. Therefore, it is essential that the scheme of observing,

especially when in the form of a "network" of measurements, endures only so long as the
campaign would appear to be instantaneous relative to the deformation rate. Hence, the
duration of a campaign is important not only economically but also with regard to
capturing the whole of the deformable body in the same state. As a consequence, there is



then not likely any opportunity for remeasurement if a blunder is detected after the

campaign or if measurements are to be added to strengthen the configuration - unless the

approach to the analysis is capable of dealing with isolated measurements. A strong case is

thus presented in favour of electronic instrumentation and data collection, as mentioned in

a subsequent section, and of real-time assessment of the observations as they are being

made.

3. Station Mark or Pillar Stability

In order for a measurement system (theodolite and targets; EODMI and
retroeflectors) to be effective in its reflecting the relationships among the stations, it is
necessary that the system be appropriately related to the station marks - this is commonly
regarded as centering in horizontal networks. It should be extended to including the height
of instrument, target, or retroreflector as the present trend is to measure horizontal circle,

vertical circle, and distance simultaneously. This is further discussed as it applies to the

various observables in the sections that follow.

It is also necessary that the station marks, whether tablets at ground level or concrete

pillars, reflect the behaviour of the object on which they are situated. For either type, it is

advisable to have sevral reference marks arranged about each station so that they would

not likely move together or with the actual station.

Especially if at an appreciable height, concrete pillars can exhibit behaviour that

could inadvertantly contaminate the measurements due to the movement of the plate on the

top with respect to the stable base. As the concrete ages and dehydrates, it shrinks. After

13 months, a 2 m high pillar will have shrunk by 0.8 mm in height (Zwart, n.d.). As the

ambient relative humidity changes, the concrete will swell or contract at a rate of 70% of

the orginal shrinkage. This would be especially noticeable between summer and winter

when the relative humidity may change from -90% to nearly 0% , along with temperature

dropping from -30"C to <O"C, in some localities.

Even more dangerous is the lateral movement associated with the bending of the

pillar as a consequence of its differential heating. A pillar of concrete with a coefficient of

thermal expansion, C, and a width, W, a height, H, exposed to a temperature difference,

AT, between its two faces, will bend with a lateral displacement at its top of (ZwarL, n.d.)

Ax=H 2 AT C / (2W) (1)

Typically, solar radiation on a pillar in winter time could cause a temperature difference of

-20 C" between the exposed and shaded sides. With 1.5 m of a 0.25 m diameter exposed,

a pillar with C = 11 ppm/CO will be displaced 1 mm at the top in the direction away from



the sun. Often pillars are constructed with an outer isolating cylinder or they may be

loosely wrapped with 50 mm to 75 mm thick foam padding or totally shaded.

Very useful discussions may be found in Kobold (1961) and in Dearinger (1974).

4. Horizontal Angles, Directions, and Azimuths by Gyro-Attachment

Although the procedure for the measuring of angles or directions and azimuths is

likely familiar, the extra care required in the monitoring context is revealled when

regarding the expressions for the contribution to the variance in an angle measurement by

the sources of random error. Considering the A station as being occupied by the theodolite

with measurement of the horizontal angle (in one position of the telescope) clockwise from

the F station, distant at SF from the A station, to the T station, distant by ST, leads to

(Chrzanowski, 1977)

a02 = OL2 ( cot(yF) 2 + cot(tr)2 )

+ 20p2

+ 20R2

+ [ OF2/sF2 + 9T2/ST2 + ( OA2 I (SF2 ST2) ) (sf 2 + s2 - 2 SF ST COS() ) ]

(2)
The four components are the contributions in variance by leveling, aL 2 , pointing, Up2,

reading, aR 2 , the theodolite and by the centering of the theodolite, aA2 , and of the two

targets, OF2 and a-T2 .

The effect of mislevelment depends on the slope of the line of sight, described by the

zenith angle, y. The maximum effect on the line of sight as it is brought to the horizontal

arises from the component of the error in levelling, EL, which is along the trunnion axis,

transverse to the line of sight. The plane of the line of sight is inclined from the vertical by

the amount EL. This skew projection results in an error in the horezontal plane of eLcot(y).

A similar consequence stems from the ability to level the instrument which is considered as

a random error with the contribution in variance as atL2cot(y) 2 for each line of sight. As the

line of sight deviates from the horizontal, the levelling of the instrument becomes more

critical. This is well known in astronomical observations and precision theodolites are

equiped with very sensitive striding levels. A trunnion axis micrometer was incorporated

into the Kern DKM2-AM single second precision optical-mechanical theodolite and utilizes

a biaxial liquid compensator. The Kern E2 is the electronic version of the DKM2-AM and

has circle readings made with respect to the theodolite axes with the relationship to the

vertical resolved with the same type of biaxial compensator giving mislevelment com-



ponents along and transverse to the line of sight. The output from the E2 can be either the

raw circle readings and the mislevelment components or the compensated vertical and

horizontal circle readings. The Wild T2002 and T3000 are electronic versions of the single

second optical-mechanical automatic T2 and have biaxial compensators in the same manner

as the E2. Their predecessors, the T2000 and T2000S, had compensation only along the

line of sight, as found in the T2.

The variance in pointing, CYp2, may be expressed as a function of the magnification,

M, of the telescope and may vary from 30"/M to 60"/M (Kissam, 1962; Chrzanowski,

1977; Nickerson, 1978) according to the quality of the sight which is affected by the

design of the target, the length of sight, s, and the atmospheric conditions. For a single

cross-hair width of wc, which is commonly 2" to 3" or 1 ppm to 2 ppm of s, the

judgement of symmetry and centering within the design requires a background that is at

least wc + 1.2(s/M)/1000 wider (Chrzanowski, 1977). To accommodate a variety of sight

lengths, the design should incorporate a divergent pattern as is often done in traversing

targets or should employ a pattern of concentric annulars which would allow both

horizontal and vertical sighting simultaneously. High precision targets of the latter type are

available from Kern or Wild for sights to about 40 m as encountered in gallery traverses.

Kern also produces a small half cone for similar horizontal sights.

In the use of an optical micrometer with a least division of 1" or 0.5", the reading

error may be estimated to be 2.5" or 1.3" respectively (Chrzanowski, 1977). Electronic

circle reading has effectively reduced this error to where it is no longer easily recognized

but is in the order of 0.3" (Chrzanowski, 1984).

Errors in centering affect the angle J0 according to the centering at each of the
stations, 0 A, GF, and aT, the lengths of sight, SF and s,; ax"I the horizontal angle between
them. As the sight lengths become short, centering becomes critical. This is especially of
concern when tripods and optical plummets are used instead of trivets on pillar plates.
Earlier styles of tribrachs did not allow the checking of centering by its rotation at setting
up; however, most modern instruments and target holders incorporate the plummet in the
alidade portion allowing rotation. Commonly with a plummet in proper adjustment, for an
instrument height of hi, centering can be done to 0.0005 hi [m]. On the other hand, trivets
with their "forced" centering can be placed to within 0.0001 m.

If centering and levelling are done before each of P3i in n sets, then the variance,
OIFm2, of the mean, Pm, can be expected to reduce by a factor of 1/n, i.e. OJ~m2 =f or 2/n.
However, in some situations, especially where lateral refraction or other adverse
observing conditions persist, the variance associated with the estimation of the mean
would likely be a better indication of the variance. But, this would require a statistically



amicable number of sets, at least 3 or 4, and measurement under some variety of those

conditions.

A similar discussion can be made for the measurement of a round of directions in

which each direction is considered individually. Now, Equation (2) simplifies to

Od2 = aL2Cot(Y)2 + Op2 + OR2 + ( OA2 + O"2 ) / ST2  (3)

Futher, the effects are the same and the same case is held in favour of several sets. As the

number of directions in a round increases, there may be less advantage in observing

directions rather than angles if the stability of the "stations", i.e., the targets or the

instrument especially if on tripods, degrades through the round enough to contaminate the

observations. In such a case, the full round could be subdivided into several subrounds,

the extreme case of which would be independent adjacent angles. If independent angles are

observed, then the angle closing the horizon should be included to provide field checks

and assessment. Each round of directions should be observed as clockwise in the direct

aspect and counter-clockwise in the reverse, returning to the first sighting.

Table 1. Common Precision Theodolites

Make Model Trunnion Axis Levelling M Od Notes

Kern DKM3 striding level (1"-2.5"/2mm) 45x 0.5"
DKtVI2 striding level (5"-6"/2mm) 32x 1"

DKM2-AM trunnion axis micrometer 32x i"
E2 biaxial compensator 32x <1" a

Wild T3 at 900 left and right 40x <1"
""2 same 30x 1'
T2000 same 32x <1" b
T2000S same 42x <1" b
T2002 biaxial compensator 32x <1" b
"T3000 biaxial compensator 43x <1" d

AGA 142 same 30x <2" c

Notes a) electronic DKIM2-AM, measures every 300 msec, add any DM500 series
EODMI
b) electronic T2, measures on command, add any DI- series EODMI
c) measures on command, integrated EODMI
d) note b) plus panfocal telescope (for industrial metrology)

see also Table 8

Table 1 gives an indication of what precision theodolites are commonly available in

North America. The E2, T2002, T 3000, and Model 142 are electronic and each is capable

of RS232C interfacing in addition to the marketed data collectors, Alphacord128, GRE3,

and Geodat, respectively. These will be discussed further in the section on integrated



systems.

Although their accuracies would likely be inappropriate in most cases, the

measurement of azimuth by gyro-attachment might still be considered and should be

mentioned. The Swiss, Hungarian, and West German makes of relatively precise

gyro-attachments yield azimuths with standard deviations in the order of 3" to 5", as

shown in Table 2. The most common, the GAKI, would yield such a standard deviation

only under carefully controlled conditions with considerable effort (Jeudy, 1986). The

Table 2. Common Gyro-theodolites

Make Model Notes

Wild GAKI attachment, +/- 30" in 20 minutes on a T2, +/- 4.4" in 15
determinations (Jeudy, 1986)

Fennel TKW equivalent to GAKM
mOM Gi-B 11 30x telescope, +/- 3" to +/- 5" in 30 minutes, 50 kg
WBK Gyromat +/- 3" in 7 minutes, 16 kg

GAKI usually yields a standard deviation of 15" in an azimuth that is the mean from
observation at each end of the line. The other two are integrated gyro/theodolites with the

lightest and most rapidly measuring being the Gyromat. Both are quite expensive and not
so readily attainable.

$. Vertical Angles or Zenith Distances

In a manner similar to that already done for horizontal angles, the random error associated
with a single zenith distance, -, may be expressed through

0c2f= OL'2 + Op2 + OR2

+ OT.2 ( sin(y)2 s92 ) + OCk2 ( ST2/4RE2 ) (4)

in which the levelling, aL., is now along the line of sight and the "centering" component is
related to the knowledge of the target height, o;-". An additional term is introduced to
account for knowledge of the refractive index, k, which may be estimated from the
atmospheric pressure, p [mb], and dry bulb temperature, t [K], and some knowledge of

the vertical temperature gradient, dtldh [Km-I], by (Bomford, 1977)
k = 502 ( p/t2 ) ( 0.0341 + dt/dh ) (5)

A more substantial approximation may be obtained utilizing a series of gradient

determinations, derived from temperature gradient measurements, and the terrain profile

(Greening, 1985).



Unless it is possible to observe the opposite zenith distance along the line

simultaneously and therefore practically compensate for the curvature due to refraction,

then the effects of this curvature can be quite substantial (Greening, 1985) and a great deal

of caution should be exercised if three dimensional positioning and monitoring is

attempted. This is particularly so if the campaigns are to occur under different atmospheric

conditions. Differing of campaigns would not remove the systematic effects since they are

no longer common.

6. Alignment

There are several ways of determining the alignment of object points with respect to

some reference line created or defined by a pair of reference stations. Lateral displacement

can be measured either indirectly using optical methods, by angular measurements, or

directly using optical means or mechanical means of creating the reference line. The direct

optical methods using alignment telescopes with displacement targets, using laser with

centering detectors or with diffraction zone plates or with Koster prism and retroreflector,

and the direct mechanical methods using steel or nylon wires and optical, mechanical, or

electronic sensors are beyond the realm of geodetic methods and are covered in

Chrzanowski (1987). On the other hand, indirect optical methods are specific applications

of traditional horizontal angle measurement and are considered in this section. Vertical

alignment is a special application of height differencing as covered in a subsequent section.

Horizontal alignment is commonly regarded as "centering" which is not so much a

measurement as a constraint on two dimensional displacement from a vertical reference

line; however, with appropriate scales the amount of displacement can be measured.

6.1 Lateral Alignment by Indirect Optical Means

The choice among the four methods of angular measurement from which the lateral

offset or displacement is derived may be made by considereing the lengths of sight, the

number of angles to be measured, and the resultant accuracy in the offset determination.

The four methods may be called (Chrzanowsld, 1981)

a. closed traverse,

b. open or ýitted traverse,

c. single station small angle, and

d. separate point included angle

and are illustrated in Figure 3 in which the reference line is defined by stations R, and R2

(triangles) in between which are the object points Pi (circles), each with a transverse offset



of xi (heavy lines). The offsets have been greatly exaggerated with respect to the actual

separation of the stations and the angles are usually quite flat and whether the angles as

shown or their explements are measured, the same effect is met.
The closed traverse consists of the measurement of each traverse angle 13i at the Pi

plus the closing angles at R1 and R2. If the Pi are equally spaced so that each traverse leg

has a length, s, with R2 being (n+l)s from R1, then the variance op 2, in radians squared,

of angle measurement propogates into the variance of the offset, Ox2, at P1 as

Oxi2= [i(i+l)(n+l-i)(n+2-i)] [(2i+1)n-(2i 2-2i-3)] s2 p32

/ [6(n+l)(n+2)(n+3)] (6)

The open or fitted traverse is the same as for the closed except that the angles at R,

and R2 are not measured. Consequently, the variance of the offset at Pi is given by

Gxi2 = [i(n+l-i)] [2i(n+l-i)+l] s2 o[p2 / [6(n+l)] (7)

The sacrifice in accuracy by neglecting the two end angles may be illustrated in an example

considering n=7 points spaced at s=100 m so that R2 is 800 m from R 1. At the centre

point, P4 , i=4 so, with angles having aP 2=(O.5") 2 , the closed traverse results in an offset

variance of 0x42=(0.5 mm)2 and the open traverse, 0x42=(0.8 mm)2 .

By occup: ,ng only one of the end stations, say R1 as in Figure 3c, and by

measuring only the small angle between the reference line and the object point Pi, which is

si from R1 , the offset variance is a direct propogation as

oxi2 = s2 r0 2 (8)

with a[02 in radians squared. As in the above example, at P4 which is 400 m from R 1,

Oxi 2 is now (1.0 mm)2 .

If only the object point, Pi, were occupied and just the included angle, 3i, measured

as shown in Figure 3d, then the offset becomes proportional to the deflection angle. If

point Pi is si from R, and R2 is ST from R1, the offset xi may be obtained from

xi = (X-Pi)(sTrsi)si / ST (9)

with P3i in radians and the arrangement of Ri,PiR 2 in nearly a straight line. From this, the

variance of the offset may be obtained by

Oxi2 = xi2 013i2 / (a-i)2 (10)

For the above example, si is 400 m, sT is 800 m, and now, with an angle of 180"59'31",

the offset is 30.0 mm +/- 0.5 mm. If the offset were 60.0 mm, its variance would still be

(0.5 mm)2 since the deflection in the denominator of (10) compensates for the increase in

offset.

Taking a 02 = (0.5")2 is typical of such alignment endeavours using a DKM3, E2, or

T2000; however, the lengths of sight and particularly possible lateral refraction should be

regarded when choosing which method to employ. In these expressions, only the random



error associated with the angle measurement has been considered and the method of
centering will add directly to the variance of the offset. More serious is the effect of lateral

refraction (Chrzanowski et al., 1976) that would be encountered in the longer sights
associated with the small angle and included angle methods. Nonetheless, the curvature
due to refraction is systematic and if the traverse were along a slope, for instance, where
there would be a similar effect on each traverse leg, then the effect would be cumulative.
This would be especially serious if the conditions resulting in refraction curvature were to

vary with the time of year and thus be peculiar to each campaign. The difference in effect
would contaminate the resultant differences in alignment in campaign comparisons.

Table 3. Precision Optical Plummets

Make Model Type Range Accuracy

Kern OL nadir and zenith 100 m I in 50 000
Wild ZNL nadir and zenith 100 m 1 in 30 000
Wild ZL zenith, automatic 100 m I in 200 000
Wild NL nadir, automatic 100 m 1 in 200 000
Zeiss Jena PZL100 zenith, automatic 100 m 1 in 100 000

6.2 Horizontal Alignment or Centering

Precision optical plummets, a sample of which is given in Table 3, can also be used
to measure small amounts of horizontal relative displacement. This would be applicable in
the horizontal connection through a borehole, short shaft, gr stairwell between two levels
in a structure or two gallery traverses in a dam. The mechancial equivalent would be the
suspended or inverted pendulum [see Chrzanowski (1987)]. The major restriction in the

use of plummets would be visibility and sturdiness of the support for the plummet. The
more modem models have automatic "compensation" or creation of the horizontal

reference against which a perpendicular, vertical reference sight is projected. This has
resulted in a tenfold increase in accuracy over the spirit level versions; however, the same
cautions should be exercised as with similarly operating levels.

7. Distance Measurement

Because of the infusion of electronics, the surveying instrument industry provides a
profusion of electro-optical distance measuring instruments (EODMI). Their convenience
and ease of operation has left the mechanical measurement of distance virtually neglected.

It is impressive how some of the modem, but more specialized, instruments come close to



rivalling the more laborious procedures of the past in both precision and accuracy. Many

of the commonly found EODMI are capable of accuracies sufficient for all but the most

particular cases of deformation measurement; however, this is not without some effort.

Further to this, the following sections extend into what care is required to evaluate the

performance of a particular EODMI and to achieve dependable measurements under a

variety of conditions.

Both optical and mechanical methods still have application since very few EODMI

are capable of measuring very short distances (tens of metres). The mechanical means,

virtually portable extensometers, verge on the realm of geotechnical instrumentation and

are a subtle indication of how far ranging is the the surveying engineer as an expert in

measurement.

7.1 Distances by optical means - the subtense bar

Remarkably enough, the subtense bar has re-emerged as a useful means of

measuring relatively short horizontal distances, to about 5 m, especially if the distance

cannot be mechanically spanned. A precision 1 m bar of invar tubing is available from

Kern and results in an accuracy of 40 ppm if the subtended angle can be measured to at

least +/- 1.3" (Keller and Aeschlimann, 1976). Now, with electronic theodolites capable

of subsecond accuracy with a minimum of effort, such an angle accuracy is readily

attainable as opposed to the at least 4 sets required with a DKM2-A (Keller, 1974).

Table 4. Wire and Tape Extensometers

Make Model As Range Accuracy Restriction

Using invar wire
Kern Distometer ISETH 100 mmn to 30 m +/-0.02 mm any orientation
CERN-SEPEM Distinvar 50 mm to 106 m +/-0.03 mm only horizontal
Rockiest Distomatic 60 mm to 24 m +1-0.05 mm any orientation
Using steel tape
Rocktest Convex to 20 m +/-0.125 mm any orientation
Solinst MKII to 20 m <+/-0.1 mm any orientation

7.2 Distances by mechanical means - extensometers

Extensometers are generally regarded as geotechnical instruments but there are

several models manufactured more specifically as surveying instruments, as summarized

in Table 4. The accuracy of the first three is attainable through the use of invar wire in

catenary. In the measurement of a distance, a specific tension in the wire is created using

either a calibrated coil spring (Distometer ISETH, Distomatic) which allows the line to be



in any spatial orientation or a counter weight (Distinvar) which restricts the instrument to
measuring in the horizontal but to over a much greater distance. Both the Distomatic and
the Distinvar can be automated and adapted for continuous recording.

Although used for its low coefficient of thermal expansion (about 0.8 pprrC), invar
does present some problems in its use, especially since submillimetre accuracy is sought.
Even though it is aged somewhat by its manufacturer, invar is susceptible to catastrophic
changes in length, by one or so millimetres, unless it is further aged artificially by coiling
and recoiling in the opposite direction or sense several hundred times. Also the wire must
be handled with a great deal of care, not only to prevent obvious physical damage but also
to avoid sudden forces on the wire, e.g., hitting or dropping the coil of wire, which would
likely also result in dimensional changes. It is advisable to have several duplicate lengths

for multiple measurement and as a check against changes and also as a contingency for one
section becoming unusable. As an additional check, a stable reference base should be
regularly measured for comparison and possible "calibration" of the extensometer. The
Distometer, for instance, has its own invar frame for calibrating the meter and a weight for
calibrating the tensioning device (Kern & Co. Ltd., 1978). A constant air current crossing
the wire will introduce an additional lateral sagging which introduces a false lengthening of
the distance - a systematic effect that is difficult to model.

Commonly used, but less accurate, are tape extensometers, e.g., Convex and MKII,
which operate in a manner similar to the Distometer ISETH. In contrast, they use steel tape
perforated at 25 mm intervals for indexing to the meter portion. This makes them more
convenient since the tape reel is an integral part of the instrument which then serves for
measuring any distance to about 20 m. With its larger cross-section, tape is more
susceptible to false lengthening by transverse air currents and, being made of steel, it is
more sensitive to changes in temperature (11 ppm/C*).

7.3 Distances by electro-optical means
In simplified but practical terms, the concept of electro-optical distance measurement

over short ranges may be represented by
s = mU + d + z + c + E + As (11)

in which the distance is an integral number, m, of unit lengths, U, plus the fractional part,

d, of a unit length. To this three corrections (known systematic effects) are applied: z, the
zero correction or additive constant; c, the cyclic correction having characteristics,
amplitude and phase, depending on the distance or the noise to signal ratio; and E, a
correction for noncyclic effects, the iagnitude of which depends on the distance. The final
term, As, is whatever geometric correction that is applied to reduce the spatial distance to



the desired computational -surface. Further, the unit length may be decomposed into

Um- od/ 2 =co(l-nR-nA)/( 2 nR vnd) (12)
in which the modulation wavelength, kmod, is described in terms of the speed of light in

vacuo, c.; reference refractive index, nR; actual refractive index, nA, at the time of

measurement; and the fine pattern modulation frequency, Vmod.

The variance of such a distance measurement may be expressed as

as 2 = a2 + b2s2 + Oas 2  (13)
which is comprised of a constant or distance independent component, a2 ; a distant

proportionate component, b2s2; and the noninstrumental portion, OAs2 , arising from the

reductions applied to the instrument output. The first two terms are the instrumental

portion that is commonly quoted by manufacturers as "+/- a +/- b" and a common

misconception fails to recognize that the standard deviation of a distance is os = (as 2) 1/2

and erroneously combines the two by direct addition. The constant component, a, contains

those error components of (11) and (12) which arn not functions of the distance,

a2 - Gd2 + 0z 2  (14)

The dependent component, b2s2, contains all those errors, the amounts of which may vary
with the magnitude of the distance, so

b2 = aco2 I/c o2 + 0n2 / n2 + 2 v 2/V 2 + (c2 / s2 + E/s2 ) (15)

In order to capture the ultimate accuracy of commonly found short range EODMI and

to ensure its consistency, several tests should be performed routinely with the use of the

instruments. Especially if repeated measurements are to be compared, each of the above

influences must be regarded in the light of observing and reduction procedures and

corrections from calibration. The pursuit of full details is strongly recommended from

such sources as Dracup et al. (1982), Fronczek (1980), Greene (1977), and especially

Rtieger (1980) and RUeger (1990). In the measurement of a distance, some of the

Table S. Errors Considered in the Performance of an EODMI

Instrumental Errors
1. scale (by change in the frequency of the fine measuring pattern)
2. zero error
3. cyclic error
4. phase inhomogeneities in the light emitting and photo diodes

Non-instrumental Errors
1. centering error
2. scale (by knowledge of nA in the first velocity correction)
3. spurious reflections, especially when weak return signal
4. reductions to a computational surface

processes or characteristics are interrelated and their individual contributions cannot be



readily distinguished or isolated. Hence, they have been classified in the manner as given

in Table 5. The non-instrumental errors are controlled by observational procedures

including ancillary measurements. The characteristics of the instrumental errors may be

determined through calibration or testing so that corrections may be applied.

7.3.1 Non-Instrumental Errors and Observation Procedures

The distance measuring system consists of the EODMI itself, possibly a theodolite

upon which the instrument is mounted, the retroreflectors at the other station, the

mechanical means of centering or relating the instrumentation to the station marks, and

instrumentation for determining the atmospheric conditions at the time of measurement,

e.g., an aspirating psychrometer for dry and wet bulb temperatures and an aneroid

barometer for atmospheric pressure. Hence the operation of the system entails the use of

much paraphernalia, each piece having its own errors.

The determinination by a distance measuring system can be no better than the means

by which it is related to the station marks. If the instrumentation is not properly centered,

the longitudinal component adds to the zero error. This is particularly influential when
using tripods and tribrachs with non-rotatable optical plummets.

The centering is intimately related to the levelling of the tribrach and the more
sensitive target vials should be used since they and their associated plummet can be rotated

for checking through 90" a•, 180. This should be checked frequently to ensure that the

set-up was maintained during the mounting of the EODMI (e.g., the Tellurometer MAI00
is very awkward at 17 kg) and has not drifted off level.

The first velocity correction, via the value of nA, is determined by measuring wet
and dry bulb temperatures (for the water vapour pressure) and atmospheric pressure along
the line of sight during the measurement. For most short range applications, sampling at
the two stations is likely sufficient unless they are not representative of the whole line. The
ambient refractive index may be obtained from

(nA-i) = (no-1) (273.16 p/(27 3.16+t)1013.25)
- 1l.20x10"6 e/(273.16+t) (16)

in which nG is the group refractive index which is a function of the effective wavelength in

vacuo, p is the atmospheric pressure [mb], t is the dry bulb temperature of the air [*C] and
e is the partial water vapour pressure [mb] which is a function of t, p, and t', the wet bulb
temperature (Riieger, 1990). The differentiation of equation 16 reveals the tolerances for

these ancillary measurements. The error in nA effects the same error in the distance. For

an error of 1 ppm, the dry bulb temperature must be known to I C; the atmospheric

pressure, to 3 mb (2.3 mmHg); or the water vapour pressure, to 25 mb. Nomograms and



short field formula often neglect the term for partial water vapour pressure. Rigorous
formulae [e.g., Rtieger (1980), Rileger (1990)] should be followed for high precision and

on longer lines.

In order to enhance the determination of the fraction of the unit length, i.e., to lessen
Cy2d/ns, a number of determinations should be made. As mentioned below regarding the

phase inhomogeneities of the diodes, obtaining the maximum level of return signal

strength by electronic pointing should be done several times. In order to obtain an

indication of the repeatability of the system, three or four groups of five measures with

fresh pointing at the start of each group is suggested. The noise of the resultant mean is a

measure of the repeatability. The several pointings also help to reduce the effects of

spurious reflections from vehicle reflectors, mirrors, windows, etc. that may occur when

using less efficient reflectors at very short range.

The various geometric reductions are treated extensively in Rfieger (1990).

Especially at short ranges, significant error could result from insufficient knowledge of the

height differences between the instrument and the reflector, A-, which includes the station

elevation difference and the apparatus heights. For short range, the total differential of the

reduction formula simplifies to

O2s = (AH 2/s 2) oF2 AH (17)

showing that as the distance shortens, the knowledge of the height difference becomes

more critical.

7.3.2 Instrumental Errors and Calibration

Some characteristics of the behaviour of an EODMI system can be determined by

certain types of controlled observations so that corrections to usual measurements might be

made. Of the list in Table 5, only the last, phase inhomogeneities, is a test to illustrate the

quality of the components, while the others yield correction values.

The frequency of the fine measuring pattern, Vmod, is generated by a crystal

oscillator, the stability of which is sometimes controlled by its being kept at a constant

temperature (e.g., MA100: 75C) in contrast to the ambient temperature. Some

instruments allow for the monitoring of Vmod as v., the actual frequency during

measurement. The output is then scaled by the factor k = Vmod/Va. However, most

common EODMI do not have such facilities or they have such a mixture of signals that the

separate frequency is not suitably measureable. Nonetheless, the scale may be determined

by comparison with "known" distances. This has been done commonly on "calibration

baselines", linear arrays of a series of supposedly stable concrete pillars with forced

centering to ±t 0.0001 m or better. It has been advocated to solve for both a scale factor



and the zero error. (see below) simultaneously from the series of inter-pillar baseline

distances. But, 1 ppm is only 0.0016 m in 1600 m and the lesser distances would not
enhance the knowledge of the scale factor. Most modem reputable instruments are stable
well within usual needs (e.g., Kern DM503 has oscillator stability that contributes less
than I ppm). With the assumption that atmospheric effects and the zero and cyclic errors
have been removed, the comparison of several long distances, at least to resolve 1 or 2
ppm, would serve as a routine diagnostic of consistent behaviour.

For each combination of EODMI and retro-reflector there is an amount by which the
optical/electronic centres are longitudinally offset from the centres related to the station
marks. When applied to the output to bring the distance to be between the mechanical
centres, this amount becomes the zero correction which can be modelled along with the
network adjustment provided the same combination of instrumentation was used
throughout. This should be avoided in favour of analysing baseline measurements for the
correction since it has been found to be unusually sensitive to configuration geometry.
For a particular combination, the z may be determined using an ideal linear array of
stations - the calibration baseline - which do not need to be concrete pillars, but at least
forced centering on tripods that will remain stable throughout the campaign of
measurement of 4 to 6 hours.

Considering the cumulative inter-station distances along a linear array as the
abscissae along an x-axis, with zero at one end station, leads to the observation equation

si+vi = xjj-xj + z i = 1, 2, ... , (p/2)(p-1) (18)
assuming that the value of z is constant over the range of si. With p stations, there are
(p/2)(p-1) possible one-way distances and (p-1 + 1) unknowns - the (p-1) abscissae and
the z, the zero error. The redundancy of [(p/2)(p-1)-p] allows least squares estimates for
the abscissae and zero error and estimates of their accuracies. The zero correction is si+z
and the variance of z is contained in the a2 term of equation (13).

Any contaminating electrical signal from the transmitter to the receiver will perturb
the phase with maximum effect when the two signals are relatively displaced by R/2" and
will be null when by zero or 7E. The error as a function of distance is then sinusoidal with
a period of U = Xmod/2 and with an amplitude proportional to the ratio of the
contaminating and received signals, i.e. inversely proportional to the return signal
strength. Hence the error is described by

c(s) = assin [(2nMU) (S+4 c)] (19)

for which the amplitude as for a given return signal strength, and the phase of the
sinusoid, may be determined through the following procedure.

A straight, reasonably level rail, graduated every 0.050 m (+/- 0.001 m or better)



through the unit length of the instrument (commonly 10m, but 2 m for the MA100) serves

to guide the movement of a retro-reflector through known increments. The instrument is

aligned to the travel of the retro-reflector at a distance of at least 100 m from the least of the

graduations that increase away from the instrument. The distance should be enough to

allow sufficient attenuation of the signal by an iris diaphragm over the retro-reflector, but

not so far that meteorological variation would affect the distances. The instrument is

pointed electronically several times and the mean position is maintained so that the same

portion of the diode is used. Distances arm measured in five or ten repetitions at each

position of the retro-reflector (e.g. every 0.250 m for 10 m, every 0.100 m for 2 m) from

zero to U and from U back to zero. The variances of the means are a measure of the

repeatability and steadiness of the atmosphere and setup

Each of the (k+l) measured distances may be modelled as

si = di - z + c = do' - z + xi + c (20)

The zero error cannot be resolved, but it does not have to be applied. The initial distance

can be redefined as do = (do' - z) and with the definition of c from equation (19), the

observation equation becomes

si + vi = du + xi + as sin [(2t,/U)(do+xi+4c)] (21)

Since the xi awe known well enough to be considered as constants, there are 3
unknowns: the intitial distance, do; the amplutude, as, for a particular return signal

strength; and the phase, 4Oc, accompanying this value of the amplitude. The redundancy
and the sampling through the whole of one period allows their least squares estimation.

By controlling the aperture of the retro-reflector with a variable iris diaphragm, the return

signal strength can be attenuated to simulate longer distances. Several determinations over

the working range for the instrument will yield several amplitudes, hence as, to which a

straight line may be estimated for interpolation.

Often expressed in terms of their effect on the zero error are the phase

inhomogeneities across the diodes - pointing error for the light emitting diode (LED) of the

transmitter and aperture phase error for the photo diode (PD) of the receiver. The former

would remain constant provided that the mis-aiming were consistent. Both could vary

non-linearly with distance depewling on the nature of the measuring procedure.

As there is a variety of small time delays over the junction in the LED, there are

consequently differences in phase across the modulation of the beam collimated by the

transmitter optics. At any appreciable distance from the instrument, the beam width is

considerably larger than the diameter of the retro-reflector. Accordingly, the retro-reflector

samples only a portion of the radiation which may differ in phase from another portion

sampled by another pointing. The internal reference signal will have a phase that is the



average of the emitted light. Unless the sampling and subsequent return signal is of a

portion having the same phase, the discrepancy would be interpreted as part of the delay

due to the distance to the retro-reflector. Also, contamination would result if it were

different from the pointing or portion sampled in determining the zero error. This quality

may be depicted through a pointing diagram which indicates the care necessary in

electronic pointing rather than offering a correction (Greene, 1977; Covell, 1979).

Table 6. Precision EODMI

Make Model Range a b Radiation Note

Kern DM502 2 kIn 0.003 m 2.0 ppm infrared
DM503 5 lan 0.003 m 2.0 ppm infrared

Wild DI4S 700 m 0.001 m infrared
DI4L 5 km 0.005 m 5.0 ppm infrared
DIS 5 km 0.003 in 2.0 ppm infrared
D120 14 km 0.005 m 1.0 ppm infrared
D12002 2.5 km 0.001 m 1.0 ppm

Kern ME3000 2.5 km 0.0002 m 1.0 ppm Xenon flash a
ME5000 8 kan 0.0002 m 0.2 ppm HeNe laser

ComRad Geomensor 204 DME 10 km 0.0001 m 0.1 ppm Xenon flash a,b
Telurometer MA100 2 knm 0.0015 m 2.0 ppm infrared

MA200 1.5 km 0.0003 m 0.5 ppm laser
TerraTechnol'y Terrameter LDM2 20 Ian 0.0001 m 0.1 ppm HeNe,HeCd c
SpectraPhysics Geodolite 3G 35 km 0.003 m 0.2 ppm HeNe d

Notes:
"b" is an instr--'e al value [actual values for equation (13) are usually 2.0 ppm or more].
a) sample cf t.. ' dyive humidity by instrument

) also remote --- p.ling of t, p, and relative humidity with telemetric link to instrument
,z) refractive index from comparison of two wave length behaviour, accuracy is a or b,
whichever is the larger.
d) requires elaborate remote sampling of t, p, and relative humidity (aerial profiles)

This discussion has focussed on the more common EODMI. Precision instruments,

such as the ones in Table 6 for example, and especially those which incorporate some

means of sampling the atmosphere, e.g. the ME3000 and the Geomensor 204 DME,

require much more elaborate formulation for reduction of the instrument output into actual

spatial distances. The additive correction and geometric corrections are the same in essence

but there is no cyclic error in either the ME3000 or the Geomensor since each utilizes

optical-mechanical phase delay.

One other type of electronic distance measurement, the laser interferometer, has been

adapted from its customary laboratory environment to the somewhat controUed atmosphere

of accelerator setting out. The Hewlett-Packard HP5525B is capable of measuring distance



differences, between two tracable positions of the reuroreflector moving at a speed of less
than 0.3 ms"1, to 60 m with a standard deviation of +/- 0.5 g±m/m (Gervaise, 1981).

8. Height Differences

The measurement of height differences has been traditionally done by geometric or
differential levelling. Over the past decade, developments in very compact EODMI and in
precision electronic theodolites have directed interest toward trigonometric height
traversing as a more than viable alternative. Even so, each method has its advantages and

applications and both are considered in this section.

8.1 Geometric or differential levelling
The use of a precision tilting or automatic level with objective parallel plate

micrometer extends from very close range applications in optical tooling through vertical
networks of assorted aperture to successive setups in route levelling of tens of kilometres
between junction points. The methods of measurement are relatively simple and well
established. Presently available levels and their route levelling accuracies are given in
Table 7.

Table 7. Precision Spirit and Automatic Levels

Make Model Accuracy Micrometer

Spirit
Wild N3 +1- 0.2 mmr(my)0-5 integral plane parallel plate (0.1 mam)
Automatic
Wild NA2 +/- 0.3 accessory

NA2000 +/- 1.5 digital, bar coded staves
NA3000 +/- 0.4 digital, bar coded staves

Kern GK2-A +/- 0.3 accessory
Zeiss Jena Ni002 +/- 0.2 integral
Zeiss Oberkochen Nil +I- 0.2 integral
Zeiss Oberkochen Ni2 +I- 0.3 accessory

Within the galleries of the Gigerwald Dam in Switzerland, Keller (n.d.) was able to
achieve +/- 0.04 urn per setup using a Nil with sight lengths of 16 m. Through repeated
measurements, one setup would be capable of detecting a tilt (change in slope or relative
vertical orientation) greater than 0.36". This is comparable to hydrostatic levelling which is
usually +/- 0.03 mm over a 40 m separation of recording stations and which corresponds
to a tilt of 0.22" [see Chrzanowski (1987)].

Even the measurement of a single height difference, as would be likely encountered



in an isolated monitoring network situated in rough terrain, becomes laborious if the

lengths of sight are necessarily shortened to accomodate the slope of the terrain. Due to the

effects of refraction, the restrictions on the lines of sight require that no staff reading be

made below 0.5 m and that no line graze the terrain by less than 1.5 m. This can severely

limit progress in rough terrain. If the setups are part of a longer route, the systematic

errors that are relatively negligible in one setup accumulate to alarmingly significant

amounts (Greening,1985). Most appreciable of these are the effects of refraction along

steadily sloping routes and the settlement of staves and of the instrument tripod between

and during setups.

In his considering the feasibility of trigonometric height traversing, Chrzanowski

(1984) reports that current motorized efforts for geometric levelling by the United States

National Geodetic Survey progress at a daily rate 7 km to 12 km one way with sight

lengths of 40 m to 60 m for first and second order respectively, on flat terrain. Shortening

the lengths of sight greatly impedes progress on sloping terrain: 3.5 km/day at 4" and only

I km/day at 10. Since the horizontal lines of sight are oblique to the isothermal layers that

are usually parallel to the terrain, the systematic effect of refraction can accumulate to as
much as 0.015 m for every 100 m change in elevation. Even the preventative measures,

e.g., limiting the nearness of the line of sight to the ground, and the application of

modelled corrections, from extra temperature measurements and terrain profiling, still do

not remove 20% to 60% of the systematic effects (Chrzanowski, 1984). This is especially

of concern when the height differencing is taken over long routes to beyond the zone of

influence, e.g., to 5 km or 10 km from a reservoir, or where a vertical network has been

established for monitoring tectonic movement, e.g., at Palmdale, California (Holdahl,

1983).

8.2 Trigonometric Height Traversing

The effects of refraction can be overcome to a large extent if the lines of sight are

parallel to the terrain so that they do not obliquely intersect several isothermal layers. On

the average, this is possible with trigonometric height traversing which has two methods -

leapfrog and reciprocal.

The leapfrog method is a modification of the geometric levelling method by replacing

the level with a theodolite/EODMI and the staves, by mutiple targets/retroreflector rods.

The lengths of sight are balanced and the sloping of the terrain is no longer such a

restriction except that the lines of sight should be kept at least 1.5 m above the terrain

through their extent. Sighting to targets at several heights, e.g., 2.0 m and 3.5 m, helps to

randomize the effect of refraction by using sights that pass at several angles through the



isothermal layers. With a~motorized observer and two target rods and computerized data

gathering and setup evaluations, the leap frog method can progress by 12 km to 14 km
daily irrespective of the slope of the terrain with sight lengths of 200 m to 250 m. The

major drawback to the method is the requirement of balanced sight lengths for foresight

and backsight. This entails additional reconnaissance and is most troublesome on winding

roadways along which most routes would be taken. An experienced crew of observer and

two rod men could engage the rod transporting vehicle and driver for the initial recon-

naissance for the next station during the measurements at the present setup which take

about 10 to 12 minutes, involving four sets of zenith angles plus distance measurements

to the fore and back targets and retroreflectors. A typical accuracy for leapfrog route

traversing is better than +/- 2 amm(kmi)"0 5.

In the reciprocal method, two theodolites sight each other simultaneously and the

curvature of the line of sight due to refraction is removed in the averaging from the

sighting at each end. Along with requiring a second theodolite, the reciprocal method is

somewhat cumbersome since additional separate and sometimes laborious procedures are
needed to connect the height traversing to the benchmarks. Also, the theodolites
themselves are the turning points. This is in contrast to the leapfrog method in which the

rods can be placed on temporary, intermediate or permanent bechmarks directly and

recovery is more easily done if the instrument setup happens to be disturbed. In the

reciprocal method, there is not the need for as extensive reconnaissance since the

restrictions are that that the lines of sight are at least 1.5 m above the terrain and that the

lengths do not exceed 250 m. Since data is collected at both instruments, the ability to

check the observations in the field is hampered without some form of telemetric link
between the second theodolite and the main controlling or "master" theodolite computer. In

addition, a second experienced observer is required for the reciprocal method as the

procedures for sighting simultaneously must be well conducted. For proper sighting,

balanced symmetric targets must be attached to the theodolites and one, likely the master,
would be equiped with an EODMI while the other, the retroreflector. The accuracy and

rate of progress by the reciprocal method for route height traversing is comparable to that

for the leapfrog method (Chrzanowski, 1984); however, further evaluation, especially of
the behaviour of electronic theodolites and their compensators is necessary for both

methods.
The reciprocal method of height differencing becomes attractive for three

dimensional monitoring methods employing forced centering on concrete pillars. As
mentioned above in the horizontal context (section 2), vertically eccentric sights could be

used, however, no misclosure would be available to evaluate the observations. This would



place the onus on.-extensive knowledge of the environment and behaviour of the

instrumentation if comparison is to be made of campaigns at various times of the year. The

effects of refraction would predominate in a network of rough terrain with likely grazing

lines and a variety of ground cover and ambient temperature.

9. Integrated Systems

As a consequence of contemporary technological developments, it has become

increasingly easier to mate EODMI with theodolites, creating electronic total stations.

Nonetheless, only a few are near single second precision (Table 1) and have proven

themselves and have become the basis for a return to optical measurement in industry. Not

only are the measurements easier to make and of higher precision, but also the capturing of

data is virtually automatic via data recorders or direct interfacing to microcomputers. The

interfacing capability has further lead to the development of practically real-time

positioning and analysis in three dimensions in coordinating systems that are

commercially available (Table 8) or that may be assembled from modules. Even further

again is the development of a surveying robot, Wild T2000S MOT, positionable to +/- 2"

horizontally and +/- 4" vertically; however, even by the early 1980's, one had been

developed by modifying an AGA model 710 (Kahmen, 1984) with servomotors driving

the tangent screws and an ocular quadrant laser centering detector and with a programmed

expanding spiral search routine in addition to the angular orientation or positioning.

Table 8. Total Stations and Coordinating Systems

Total Stations
Make Model Angle a b Dam Collection RS232C

AGA 142 <+/-2" 0.005 m 3.0 ppm Geodat accessory
Kern E2/DM503 <+/-1" 0.003 in 2.0 ppm Alphacord integral
Wild T2000(S)/DI4S <+I-1" 0.001 m GRE3 accessory

T2002/DI2002 <+I-l" 0.001 m 1.0 ppm GRE3 integral
T3000,DI2002 <+I-1" 0.001 m 1.0 ppm GRE3 integral

Three Dimensional Coordinating Systems
Kern ECDS I (E2 + E2 + DEC Micro/PDP- 11) x,y,z +/- 5 ppm
Wild TMS (at least two T2002 or at least two T3000)
Wild ATMS (at least two TM3000V or at least two TM3000L)

Of the total stations given in Table 8, only the Kern provides for virtually direct

single cable RS232C interfacing. The AGA and Wild require accessory connection boxes

- /



as the interfacing is a modification of the data recorder interface and both require 120 V ac
to maintain voltage levels for successful interfacing communication. The data recorders

offer some opportunity to programme for field analyses but at the sacrifice of storage

space for data. The simultaneous measurement of both circles and distance is tempting;
however, proper EODMI use requires electronic pointing of the instrument and this cannot
be assumed to coincide with the optical axis of the telescope. Besides, even if there is a
target portion to the retroreflector, it is not suitable for a zenith angle measurement

compatible with the horizontal sights. Also the consideration for a simuitaneous three
dimensional network must have regard for the ever present effects of refraction and also
for what ever analysis package is available for proper reduction, weighting, and

adjustment of the observations.

Very recently, the precision electronic theodolites have been further exploited in the
creation of three dimensional coordinate determination and real-time analysing systems
(Table 8). These have revolutionized the approach to industrial quality assurance by
providing rapid non-contact measurements in the order of +/- 5 ppm in close range
applications (to tens of metres).

It is very tempting to project these developments to the day when the whole survey
might be conducted by robots telemetrically linked to a main computer at the push of a
single button; but, still the major aggravation will be the effects of the environment,

especially atmospheric refraction, that limit achievable accuracy.
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a) a reference or absolute monitoring network

b) a relative monitoring network

Figure 1. The two types of intended monitoring networks

The occupied "stations" are denoted by triangles. Object points are denoted by circles.



Figure 2. Permissible configuration defects in a deformation network



a) closed traverse

b) open or fitted traverse

c) single station small angle

d) separate point included angle

Figure 3. Indirect lateral alignment by angular methods
Triangles denote reference stations. Circles denote object points.
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Abstract

Instruments and methods of geodetic and photogrammetric surveys cannot satisfy all
requirements of deformation measurements. Geotechnical and other non-geodetic
instrumentation must be used when gathering information on local deformations inside the
deformable body. The geotechnical instruments, such as extensometers, inclinometers,
inverted pendulums, and various deformeters, can easily be adopted for continuous and
telemetric data acquisition which makes them attractive also in the applications where
geodetic surveys could have been used. There are hundreds of different types of
geotechnical instruments available for deformation measurements. In this brief review, the
instruments are grouped according to three main applications: measurements of extensions
and strains; measurements of tilts and inclinations; and alignment surveys. Geotechnical
methods for measurements of acting forces and properties of material are not included.



1. Introduction

The three earlier presentations in this Workshop gave a thorough review of the
contemporary geodetic and photogrammetric techniques used in deformation surveys.
Through interconnections among the monitoring stations, these techniques provide very
useful information on the global deformation status of the monitored object and, in most
cases, can also provide information on its rigid body translations and rotations with respect
to reference points located outside the deformation area. Sub-millimetre accuracies over
small areas and 10.6 relative accuracies over expanded bodies are achievable in the

determination of relative displacements of the surveyed points. However, the instruments
and methods for geodetic and photogrammetric surveys cannot satisfy all the requirements
of deformation measurements.

Due to the necessity of having intervisibility between the survey stations, or between
the monitoring stations and the satellites in the case of space techniques, the geodetic and
photogrammetric surveys are limited only to open areas and cannot be used in detecting
local deformations inside the material of the deformable body. Deformations in
foundations or foundation rocks of large engineering strures and relative movements of
different layers of soil or rock formations in slope stability studies are examples for which
special measuring methods are needed. In these cases, geotechnical instruments, such as
borehole inclinometes various deformezes, exter soieze, and inverted pendulums must
be used. Geoechnical ins taion can be easily adapted for continuous and telemetric
data acquisition with an instantaneous display of the deformations which is very
advantageous in comparison with the slow, labour intensive, terrestrial surveys. The
expensive survey robots which were mentioned in the earlier presentation [Secord, 19876
cannot compete with the geotechnical instrunentation which does not require intervisibility
between the stations and is operational practically in any environmental conditions. The
geotechnical and particularly special non-geodetic instruments, such as hydrostatic levels,
invar wire extensometers, laser interferomets, and diffraction aligning equipment, offer
accuracies in the order of a few hundredths of a millimetre in localized measurements.

For the above reasons, the trend in the last few years has been to adopt geotechnical

and special non-geodetic instrumentation for deformation surveys not only in the areas
which are inaccessible for geodetic and photogrammetric surveys but also in studies where
geodetic monitoring networks could have been used. If it continues, this tendency may
lead to an unhealthy situation in which the usefulness of the geodetic and photogrammetric

surveys will become underestimated by those who favour the geotechnical instrumentation.
Here, one should point out to those who advocate the use of geotechnical methods



that the geotechnical instrumentation also has weak points despite the aforementioned and
indisputable advantages. First of all, the measurements are very localized and they may be

strongly affected by local disturbances (noise) which do not represent the actual

deformations. Since the local observables are not geometrically connected with
observables at other monitoring stations, any global trend analysis of the deformations is
much more difficult than in the case of geodetic surveys unless the observing stations are
very densely spaced. The geomechanical, rock mechanics, and structural engineers, who
are the main users of the geotechnical instruments, are usually less acquainted than survey
engineers and geodesists with the evaluation of the measuring data and calibration of
measuring instruments. On the other hand, most surveyors demonstrate complete

ignorance in the use of other than geodetic techniques.
One could cite many examples of deformation analyses being conducted on the same

object separately by both survey engineers and other engineers using only their own
survey data obtained with their own instrumentation. Both groups have not fully

recognized the advantages and disadvantages of various measuring techniques and,
perhaps, they have not known how to combine geodetic and geotechnical results into an
integrated analysis. The problem of integrated analysis is the subject of three other
presentations of this Workshop which, hopefully, will help in the development of a better
cooperation between the various engineering and scientific groups.

This presentation is directed mainly toward survey engineers to give an overview of
basic geotechnical and other non-geodetic special techniques, their applications and
compatibility with the surveying and geodetic methods.

2. Classification of Geotechnical and Special Non-Geodetic
Instrumentation

The geotechnical instrumentation may be divided into three main groups, according
to the three main purposes of the measurements:

(1) determination of physical properties of the deformable material,
(2) determination of acting forces (loads) and internal stresses,
(3) determinations of changes in dimensions and shape (geometrical deformations).

Since from the point of view of survey engineers only the third group of instruments
is of direct interest, the two other groups will not be discussed in this brief review.
However, from the point of view of the physical interpretation (see later presentation by

Chen and Chrzanowski) and design of the geometrical measu-nents, the first two groups
are just as importan.



In the first group, the main problems of measurements is the laboratory and in situ

determinations of the elastic parameters of the material (Young modulus, Poisson ratio),

thermal coefficient of expansion, viscosity coefficient, and time-dependent behaviour. In

the second group, various load cells are used to measure static and dynamic loads, various

types of piezometers are employed to measure pore water pressure, and built-in

temperature sensors help in the determination of the loads due to the thermal expansion of

the material. Of special importance in the second group is measurement of in situ stresses

(overcoring methods, various pressure meters) which similar to the determination of the in

situ Young modulus still requires a development of better and more accurate methods than

are presently available.

The third group of instrumentation which will be discussed in more detail in this

review encompasses literally hundreds of different types and models of instruments

produced by a large number of manufacturers. Appendix I lists some of the producers and

distributors of the instruments which will be mentioned in this presentation. An excellent

review of geotechnical instrumentation is given by Hanna [1985] who cites about 1200

references to his book which, in itself, is over 800 pages.

Very often, due to special requirements of each individual geomechanical problem,
special instruments must be produced only for the given project In many applications, the
speed and simplicity of the measurements are of a higher priority than the high accuracy

and also simple mechanical devices (e.g., convergence meters) may be developed in any
local workshop depending on the ingenuity of the engineer in charge of the project Thus,

hundreds of various types of instruments are available for measurements of extensions and

strains, tilts, deflections, curvings, bendings, etc. For a general review, only three basic
types of measurements will be covered.

(1) Measurements of extensions (changes in distances) and strains with:

(a) wire extensometers and strainmeters

(b) rod extensometers
(c) laser interferometers.

(2) Measurements of changes in tilts and inclinations with:

(a) precision tiltneters
(b) borehole inclinometers

(c) suspended and inverted plumb lines

(d) hydrostatic levelling.

(3) Measurements of changes in alignment with:

(a) mechanical methods

(b) diret optical and laser alignment



(c) laser diffraction method.

Many instruments used for the above measurements are purely mechanical with

manual readout systems. In order to adapt them to automatic and continuous data

recording, electric transducers can be employed using, for instance, linear potentiometers,

differential transformers, and self-inductance resonant circuits. A detailed description of

the transducers is beyond the scope of this presentation, however, any textbook on applied

electronics gives the principles of various transducers. In general, when choosing the type

of transducer for automatic data acquisition one should consult with an electronics

specialist on which type would better suit the purpose of the measurements in the given

environmental conditions. For instance, the output signals from linear potentiometers are a

function of the length of the transmission cable, while the readout (frequency output) of the

inductance types, is independent of the distance from the sensor. However, the inductance

transducers are sensitive to changes of environmental temperature and require temperature

compensation.

Londe [1982] gives interesting remarks on various sensors. He favours the

self-inductance and vibrating wire transducers over any other types for their accuracy,

linearity of the output, and durability. The inductance type is comprised of two electric

circuits, for instance, two concentric coils which form a resonant circuit of frequency

f = l/(2rILC)

where L is the self inductance and C is capacitance. Any change in the relative position of

the two coils alters the inductance and hence the resonant frequency of the inner circuit.

Linear displacents of a few micrmeters may be detected.

The vibrating wire transducers work on the principle that the natural frequency of the

wire varies with the square root of the tension of the wire. Some other types of

transducers will be mentioned when discussing some particular instrumnents.

3. Measurement of Changes in Distances

3.1 General Remarks

Various types of instruments, mainly mechanical and elecfto-mechanical, are used in

geomechanics, rock mechanics, and structural engineering to measure changes in distances

in order to determine settlement or upheaval of soil, convergence of walls in engineering

structures, and underground excavations, strain in rocks and in man-made materials,

separation between rock layers around driven tunnels, slope stability, and movements of

structures with respect to the foundation rocks. Depending on its particular application, the

same instrument may be named an extensometer, strainmeter, convergencemeter, or
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fissuremeter. Perhaps a common name, distance extensometer or distance variometer,

could be accepted for all of them. Figure 3.1 shows some typical applications of

extensometers.

The various instruments differ from each other by the method of linking together the

points between which the change in the distance is to be determined and type of sensor

employed to measure the change. The links in most instruments are mechanical, such as

wires, rods, or tubes. The sensors usually are either mechanical, such as calipers, dial

gauges, or the aforementioned electric transducers.

A separate type of instrument, interferometers, are also discussed in this section

because they belong to the category of extensometers and strainmeters although they are

more popular in metrological measurements than in engineering deformation surveys.

3.2 Wire and Tape Extensometers

Figure 3.2 shows samples of various wire extensometers. Some of them, namely,

ISETH Distometer, CERN Distinvar, and Roctest's Distomatic (not shown) have already
been discussed in the earlier presentation on surveying methods [Secord, 1986]. All three

instruments use invar wires and special constant tensioning devices which, if properly

calibrated and properly used, can give accuracies of 0.05 mm or even better in

measurements of changes of distances over lengths from about I m up to 100 m. Invar is

a capricious alloy and must be handled very carefully to avoid sudden changes in the length

of the wire. Several months before the wires are used for the first time they must be aged

(to remove initial stresses) by numerous rewindings in different directions and preheating

to 100I C and slowly cooled. During the measu they must be calibrated before and

after each use. Gervaise [1978] gives a good account of all the problems which may be

encountered with invar wire measurements. When small changes in temperature are

expected or a smaller precision (0.1 mm to 1 mm) is required, then steel wires or steel

tapes are more comfortable to use.

The Rock Spy (Figure 3.3) also uses invar wire for measurements of small relative

movements (up to 60 mm) across fissures, joints, and cracks. It employs the inductance

transducer and a precision tension spring. However, the tension of the wire is not as

constant as, for instance, in the Distometer. However, an accuracy between 0.02 mm to

0.2 mm is claimed by Telmac and Roctest Ltd. depending on the base length (up to about
20 m). A special arrangement (patent pending) is used for the temperature cotpensation.

Tensioned wires have been used extensively in boreholes in ground movement

studies. Figure 3.4 shows a multiple point wire extensoteter for measurements of

differential movements at different depths. Each wire is mnchmed at one end to the ground
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at different depths and tensioned at the measuring head on the surface by spring

cantilevers. Any change in the distance produces cantilever deflections which can be

sensed either manually or by using transducers. The installation of wires in deep

boreholes is cumbersome and requires good experience. Use of rods in this case is

preferred.
If an extensometer is installed in the material with a homogeneous strain field, then

the measured change Al of the distance I gives directly the strain component E = AM/I in the

direction of the measurement In order to determine the total strain tensor in a plane (two

normal strains and one shearing), a minimum of three extensometers must be installed in

three different directions.

Special high precision strainmeters of a short base (up to a few decimetres) are

available for strain measurements in structural material and in homogeneous rocks. The

aforementioned vibrating wire transducers may directly be used for that purpose. An

example is a vibrating wire strain gauge available from Irad Gage. The instrument

employs a 150 nun steel wire in which the changeable resonant frequency is measured. An

accuracy of one microstrain (10.6) is claimed in the strain measurements which

corresponds to 0.15 ptn relative displacements of points over the distance of 150 mm.

3.3 Rod and Tube Extensometers

Figure 3.5 shows typical single-point and multiple-point rod extensometers. Steel,

invar, aluminum, or fibreglass rods of various lengths may be used depending on the

application. The multiple point measurements in borcholes or in trenches may be made

using either a parallel arrangement (Figure 3.5b) of rods anchored at different distances

from the sensing head, or a string (in series) arrangement (Figure 3.5) with the sensors

mounted at different depths. The multiple-point rod extensometer model E-10 (Figure 3.7)

from Irad Gage is an example of the parallel multi-rod instrument. Up to 6 rods may be

used in a 75 mm borehole to a total length of 200 m and total range of 300 mm with a

resolution of 0.01 mm. The actual accuracy depends on the temperature corrections. The

dial indicator readout may be replaced by potentiometric or other transducers with digital

readout systems. Several models are available from different companies, for example,

from SINCO, Roctest, and others. The self-explanatory Figures 3.6 and 3.8 show

schematically two models of the string type (in series) extensometers: BOF-EX (Roctest)

with differential transformer (LVDT) transducers, and Distofor (Telemac) with the

self-inductance transducers. In both models a precision of ±0.02 nun accuracy is claimed.

The actual accuracy depends, of course, on the accuracy of calibration of the transducers

and temperature compensation.
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A torpedo type of borehole extensometer, Extensofor, is available from Telmac and

Roctest (Figure 3.9). The instrument consists of a 28 mm diameter torpedo of 1.55 m

length with an inductance sensor at each end. Reference rings on the casing are spaced

within the length of the torpedo. The sensors and reference rings form the inductance

oscillating circuits. The torpedo is lowered in the borehole and stopped between the

successive rings recording changes in distances between the pairs of rings with a claimed

accuracy of 0.1 nmn. Boreholes up to several hundred meters long can be scanned.

Several other models of rod extensometers with various transducers are available for

mounting in boreholes or in trenches in soil or along slopes by connecting, for instance, a

series of concrete monuments with rods equipped with transducers.

Telescopic tubes may replace rods in some special applications. For instance, a

simple convergence meter COR-P (Roctest) for measuring deformations in underground

mines has been developed in Canada in cooperation with the Canada Centre for Mineral

and Energy Technology (CANMET). The instrument consists of two telescoping tubes

maintained together by a friction ring. The relative movement of the tubes, spanned

between the floor and roof of the opening, is sensed by a potentiometric transducer. The
instrument can safely be used in gaseous mines, is very simple in operation, and gives
resolution of 0.1 mm.

3.4 Interferometric. Mts of Linear Displacements
Michelson type (Figure 3.10) interferometers with laser as a source of the

monochromatic radiation are becoming a common tool in precision displacement

measurements. A light radiation of wavelength X is split into sI signal to a fixed reference

mirror and s2 signal to a movable retro-reflector. The combined reflected signals sI and s2

create a pattern of interference fringes. A movement of the retro-reflector by X/4 causes a

shift of the pattern by one fringe. Thus a change in the distance to the moving

retro-reflector is determined by continuous counting of the fringes.

Theoretical limits of the resolution in the interferometric distance measurements is of

the order of 104X because it is the limit of the accuracy with which the interference fringes

may be interpolated using photoelectric sensors. One has to remember, however, that the

interferometric distance measurements are affected by the atmospheric refractivity in the

same way as all the EDM systems. Therefore, the accuracy depends on the accuracy of the

detemination of the density of air along the optical path of the distance measurements.

The continuous counting of fringes requires a ver precise alignment of a rail on

which th retro-reflector could smoothly move along the measured distance. Counting of

the fringes is done electronically. Presently available counting systems allow for the
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maximum speed of 30 cm/s of the mirror motion.

Use of interferometry in long distance measuremaents is limited by two factors:

• frequency bandwidth of the radiation
- thermal turbulence of air.

The bandwidth of the narrowest spectral lines from conventional sources of
radiation, such as obtained from gaseous electrical discharges, is about 10-. Therefore,
the interference fringes blur out at distances greater than 106k due to the internal
interference between individual rays of light having different wavelengths. For instance,

the maximum distance of interferometric measurements with the radiation obtained from
Kr8 6 (the primary standard of length) is only about 60 cm because X = 0.606 rom. The
bandwidth of the gaseous lasers may easily be controlled to 10-9;L or even up to 10" 12 .
[Baird, 1969] allowing for interferometric measurements over distances of several
kilometres. However, due to the thermal turbulence of air which disturbs fringe counting,
the practical range of the laser interferometry in open air is a maximum of 100 m only,
unless the measurements are performed in an evacuated tube.

Accuracy of 4 x 10-10 in linear changes over a distance of 800 m (Figure 3.11) has
been achieved in practice using a laser strain meter (LSM) developed at the University of
California in San Diego [Berger and Loveberg, 1969]. This consists of a long arm
Michelson type interferometer. The whole 800 metre optical path of the long arm, except
two short 30 cm distances at both ends, is enclosed in an evacuated (103 Tor-) pipe with
quartz windows. The 30 cm distances and two end piers with the optical and electronic
components of the interferometer are kept under highly controlled temprature and pressure
conditions.

Development of lasers which can simultaneously produce two signals of different
frequencies f, and f2 allow for measurements of linear displacements by using the Doppler
shift method [Dukes and Gordon, 1970]. Hewlett Packard Model 5525B laser
interferometer is an example of the double frequency interferometer. Its principle of
operation is shown in Figure 3.12.

The laser emits a coherent red laser beam comprised of two signals of frequency fl
and f2 of opposite polarizations. After being expanded and collimated, a portion of the
beam is split into a fixed internal reflector and directed into a photodetector. An optical
filter passes only f2 along this path. The transmitted beam reflects from the movable
external reflector, and is filtered to contain only fl. Any axial movement of the reflector
produces a Doppler shift of the signal frequency about fl. This Doppler shifted signal
combines with f2 at the photodetecto to generate "fringes". Denoted by the Af the Doppler
shift of the frequency, the velocity of the movement of the reflector can be calculated from:
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vf =+Af)J4 ,

and the distance travelled by the reflector is obtained through the integration:

As=VJ4fAfdt.

Therefore, in this type of interferometer, the frequencies rather than the fringes of different

intensity are counted.

One should emphasize that the influence of air turbulence on the performance of

double frequency interferometers is much smaller than when using the conventional single

frequency interferometry. The HP 5525B model has the following specifications:

accuracy: 0.5 pmn per metre ±2 counts in the last digit

resolution: 0.1 gm in normal mode and 0.01 gim in the XIO

mode of operation

range: 60 m, depending on the environment

maximum measuring velocity: 0.3 m/s

velocity measurement accuracy: 0.04 mm/s

operating temperanture: OC to 55•C.

During the measurements, the temperature of the air and the instrument and

barometric pressure must be recorded. Corrections for the velocity of light and for the

expansion of the material must be calculated. As an option, an automatic compensator may

be connected to the instrumenL The instruments have outputs for printer, computer,

Fourier analyser, etc.

A newer model HP 5526A of the laser Doppler interferometer (Kahmen, 1978]

allows also for measurements of angular deflection with an accuracy of ±0.1" and

alignment offsets with a resolution of 0.1 pm over 30 m.

4. Measurement of Tilt and Inclination

4.1 Tilimeters and Inclinometers

The measurement of tilt is usually understood as a determination of a deviation from

a horizontal plane, while inclination is interpreted as a deviation from vertical. Thus the

same instrument which measures tilt at a point can be called either a tiltmeter or an

inclinometer, depending on the in-t-ertaton of the results.

From the point of view of the basic principle of operation, the tiltmeters may be

divided into:
"* liquid (including spirit bubble type)
"* vertical pendulum
* horizontal pendulum.



As far as the sensitivity of tilt is concerned, we have two distinct groups:

• geodetic or geophysical special tiltneters of a resolution of 10.8 or even 10'9 radian

* engineering tilimeters of resolutions between 0.1" to a few tens of seconds of arc,

depending on the required range of tilt to be measured.

The first group includes instruments which are used mainly for geophysical studies of

earth tide phenomena and tectonic movements. Here we have, for example, the

Verbaander-Melchior [Melchior, 19831 horizontal pendulum tiltmeter, Rockwell Model

TM-I [Cooper and Schmars, 1974] liquid-bubble type, and many others. This category of

instrument requires extremely stable monumentation and a controlled environment. There

are very fe A, engineering projects where instruments which are so sensitive may be

needed. Deformation measurements of underground excavations for the storage of nuclear

waste may be one of the few possible applications. Figure 4.1 shows an example of a
tiltmeter developed for that purpose by the Auckland Nuclear Accessory Co. in New

Zealand. In this instrument, the tilt is proportional to the change in capacitance between the
electrodes and the mercury surface. This tilbneter, with a total range of 15 minutes of arc,

is claimed to give a resolution of 10-9 radian which corresponds to a relative vertical

displacement of only 6 x 10-7 mm over the base length of 587 mm.

There are many models of liquid or pendulum types of tiltineters of reasonable price

($2000 to $3000) which satisfy most the needs of engineering surveys. One of them is the
Electrolevel with the spirit bubble principle (Figure 4.2) in which the movement of the
bubble is sensed by three electrodes. The tilt produces change in differential resistivity

between the electrodes which is measured by means of the Wheatstone bridge. The

resolution of 0.25" is obtained over a total range of a few minutes of arc. Many other
liquid types of tiltmeters with various ranges (up to 300) are available from various

companies.

The self-explanatory Figure 4.3 shows an example of a pendulum type electronic

level, the Talyvel, which gives an accuracy of +0.5" over a total range of ±8'.

Of particular popularity are servo-accelerometer types of tiltmeters with horizontal

pendulum. They offer ruggedness, darability, and low temperature operation. The output

signal (volts) is proportional to the sine of the angle of tilt. Figure 4.4 shows the Schaevitz

servo-accelerometer. It employs a small-mass horizontal paddle (pendulum) which due to
the force of gravity tries to move in the direction of tilt. Any resultant motion is converted

by position sensors to a signal input to the electronic amplifier whose current output is
applied to the torque motor. This develops a torque equal and opposed to the original.

The torque motor current produces a voltage output which is proportional to the sine of the
angle of tilt. The typical output voltage range for tiltmeters is :5 V which corresponds to
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the maximum range of the tilt. Thus the angular resolution depends on the tilt range of the

selected mod1l of the tiltmeter.

There are many factors affecting the accuracy of tilt sensing, not just the resolution

of the readout. A temperature change produces dimensional changes of the mechanical

components, changes in the viscosity of liquid in the electrolytic tiltmeters and of the

dampening oil in the pendulum type tilumeters. Also the electric characteristics change with

the temperature. Drifts of tilt indications and fluctuations of the readout may also occur.
For a price, most of the errors may be compensated for, or their effect may be made linear

thus allowing for an easy calibration.

Within the inexpensive models, the compensation for the aforementioned sources of

error is not very sophisticated, and those tiltmeters may show non-linear output versus

temperature, erratic drifts, etc. Therefore very thorough testing and calibration are required

even when the accuracy requirement is not very high [Chrzanowski et al., 1980].

Compensators of vertical circles of precision theodolites work on the same principle
as some engineering tiltneters. The liquid compensator of the Kern E3 electronic
theodolite gives repeatability better than 0.3". Therefore, the theodolite may also be used
as a tiltmeter giving the same accuracy as, for instance, the Electrolevel.

Tiltmeters have a wide range of applications. A series of tiltieters if arranged along

a terrain profile in a mining area may replace geodetic levelling in the determination of

ground subsidence [Chrzanowski et aL, 1980] as is shown in Figure 4.5. For instance,
the subsidence of point 4 with respect to point 1 may be calculated from the observed tilt
angles and known distances between the points as:

h4 - S1(CI + a 2 )/2 + s2 (Q2 + %3)/2 + 63 (Ca3 + a4 )/2 •

Similarly, deformation profiles of tall buildings may be determinod by placing a series of
tiltmeters at different levels of the smtu==re [Kahmen, 1978).

In geomechanical engineering, the most popular application of tiltmeters is in slope

stability studies and in earth dams. Torpedo type bi-axial inclinometers are used to scan
boreholes drilled to the depth of an expected stable strata in the slope. By lowering the
inclinometer on a cable with marked irar- als and taking readings of the inclinometer at
those intervals, a full profile of the borehole and its changes may be determined through

repeated surveys. SINCO, Terra Technology, and other producers of tiltmeters provide

special borehole inclinometers (50 cm or 2 feet long) of the torpedo type with wheels.

Special borehole casing (vinyl or aluminum) with guiding groves for the wheels is
available. Usually the servo-acceleronmetr type iometers are used with various ranges

of inclination masIuremens , for instance, t*6, 153*, or even *90W. A 40 m deep borehole

if measured every 50 cm with an inclinometer of only 100' accuracy should allow for
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determination of the linear lateral displacement of the collar of the borehole with an

accuracy of 2 mm.

In cases of a difficult access to the monitored area and/or a need for continuous data
acquisition, the tiltmeters or borehole inclinometers are left in place at the observing station
with a telemetry monitoring system. Figure 4.6 shows an example of a station set-up of a
telemetric monitoring of ground subsidence in a mining area near Sparwood, B.C., using a
telemetry system developed for CANMET at the University of New Brunswick

[Chrzanowski et al., 1980; Chrzanowski and Fisekci, 19821. Terra Technology bi-axial
servo-accelrometer tiltmeters of ±10 range were used in the study. The same telemetry

system has been adapted for monitoring SINCO borehole inclinometers (Figure 4.7) at
Syncrude Canada Ltd. oilsands mining in northern Alberta [Chrzanowski et al., 1986a].
The telemetry system may work with up to 256 field stations. Each station accepts up to 6
sensors (not only tiltmeters but any type of instrument with electric output).

4.2 Hydrostatic Levelling

If two connected containers (Figure 4.8) are partially filled with a liquid, then the
heights h I and h2 are related through the hydrostatic equation:

hi + P, I (g, p1) - h2 + P2 / (g2 P2) = const.
where P is the barometric pressure, g is gravity, and p is the density of the liquid which is
a function of temperature.

The above relationship has been employed in hydrostatic levelling, as schematically
shown in Figure 4.9. The air tube connecting the two containers eliminates a possible
error due to different air pressures at two stations. The temperature of the liquid should
also be maintained constant because, for instance, a difference of 1.2IC at two containers
may cause an error of 0.05 mm in Ah determination for an average h = 0.2 m and t = 200C.
Figures 4.10 and 4.11 show examples of two typical hydrostatic instruments which are
used in precision levelling. The ELWAAG 001 is a fully automatic instrument with a
travelling (by means of an electric stepping motor) sensor pin which closes the electric
circuit upon touching the surface of the liquid. A standard deviation of 0.03 mnm is claimed
over distances of 40 m between the instruments (Schn6delbach, 1980]. Another automatic
system (Figure 4.12), the Nivomatic Telenivelling System, is available from Telemac or
Roctest Ltd. The Nivomatic uses the inductance transducers which translate the up and
down movements of the floats into electric signals (frequency changes in the resonant

circuit). An accuracy of *0.1 nun is claimed over a 24 m length.
The hydrostatic levels may be used in a form of a network of permanently installed

instruments to monitor tilts of large structures. Robotti and Rossini [1984] report on a
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DAG network monitoring system available from SIS Geotecnica (Italy) which offers an

accuracy of about 0.01 mm using also inductive transducers in the measurements of liquid

levels.
Various systems of double liquid (e.g., water and mercury) settlement gauges based

on the principle of hydrostatic levelling are used for monitoring power dams (Hanna 1985]

with extended networks of connecting tubing.

The instruments with direct measurement of the liquid levels are limited in the

vertical range by the height of the containers. This problem may be overcome if liquid

pressures are measured instead of the changes in elevation of the water levels. Pneumatic

pressure cells or pressure transducer cells may be used. Hanna [ 1985] gives numerous

examples of various settlement gauges based on that principle.

4.3 Suspended and Inverted Plumb Lines

Two types of mechanical plumbing are used in controlling the stability of vertical

structures (Figure 4.13):
(1) suspended plumb lines
(2) floating plumb lines also called inverted or reversed plumb lines.

Typical applications are in monitoring of power dams and monitoring of stability of

reference survey pillars. The suspended plumb lines are also commonly used in mine

orientation surveys and in monitoring the stability of mine shafts.

The floating plumb lines have become standard instrumentation in large dams (e.g.,

Hydro Quebec uses them routinely). Their advantage over the suspended plumb lines is in

a possibility of monitoring absolute displacements of structures with respect to deeply

anchored points in the foundation rocks which may be considered as stable. In the case of
power dams, the depth of the anchors must be 30 m or even more below the foundations in

order to obtain the absolute displacements of the surface points. The main problem in the

case of the floating plumb lines is drilling of vertical boreholes so that the vertical wire of

the plumb line would have freedom of motion. A special technique for drilling the vertical

holes has been developed at the Hydro Quebec Co. (Dubreuil and Hamelin, 1974].

Several types of recording devices which measure displacements of structural points
with respect to the vertical plumb lines are produced by different companies. The simplest

are mechanical or electro-mechanical micrometers with which the plumb wire can be

positioned with respect to reference lines of a recording (coordinating) table with an

accuracy of ±0.2 nmm or better. Travelling microscopes may give the same accuracy.

Automatic sensing and recording is possible with a Telecoordinator from Huggenberger

Ltd. Telenac Co. (France) developed a system, Telependulum (marketed in Canada by
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Roctest), for continuous sensing of the position of the wire with remote reading and

recording. Figure 4.14 illustrates the basic principle of the system. The rigidly mounted

reading table supports two pairs of induction type proximity sensors arranged on two

mutually perpendicular axes. A hollow cylinder is fixed on the pendulum wire at the

appropriate level, passing through the centre of the table and between the sensors.

Changes in the width of the gap (resolution ±+0.01 umm) between the target cylinder and the

sensors are detected by the corresponding changes in the induction effect.

An interesting Automated Vision System has been developed by Spectron

Engineering (Denver, Colorado). The system uses solid state electronic cameras to image

the plumb line with a resolution of about 3 pm over a range of about 75 mm. Several

plumb lines at Glen Canyon dam and at Monticello dam, near Sacramento, California, use

the system.

Two sources of error, which may sometimes be underestimated by the user, may

strongly affect the plumb line measurements:

(1) influence of air currents

(2) spiral shape of the wire.

If the wire of the piumb line with weight Q is exposed along a length h (Figure 4.15)

to an air current of velocity !: at a distance H from the anchored point, then the plumb line

is deflected by an amount:

e=fo hHIQ,

where f. is the acting force of air current per unit length of the wire. The value of fo may

approximately be calculated [Chrzanowski et al., 1967] from:

fo = 0.08 d v2/Q ,
where d is the diametre of the wire, v is in metres per second, and Q is in kilograms.

Example: H = 50 M h = 5 m, d = I nmn, Q = 20 kg, and v = lm/s (only 3.5 km/h):

e = I mm.
The second source of error, which is usually underestimated in practice, is that the

spiral shape of the wire (Figure 4.16) affects all wires unless they are specially

straightened or suspended for a prolonged time (say, several months).

If the wire changes its position (rotates) between two campaigns of measurements,

then the recorded displacements could have a maximum error of 2r. The value of r can be

calculated [Chrzanowski, 19671 from

r = (nd4E) / (64 RQ)

where E is Young's modulus of elasticity (- 2 x 100 kg/cm2 for steel), and R is the radius

of the free spirals of the unloaded wire which, typically, is about 15 cm for wires up to

1.5 nun diameter.



"A A

I Hr

I 
I

Fig.4.15. Influence of air current FIG.4.16. Error due to the
on mechanical plumb lines spiral shape of

the wire

l.Tank with float

2.Wire
3.Reading table
4.counterweight tension

S.Bench mark
6.Levelling wire
7.Casing (60 m diam.)

Fil 8.Tank and weight (11 kg)
i -9. Removable anchor-head

m 

;'

FIG.4.16. Double pendulum with

wire bench marks at
Hydro-Quebec (Boyer
and Haselin,1985)



Example: For a plumb wire with d = I mm, R = 15 cm, and Q = 20 kg,

r = 0.3 mm.
If one plumb line cannot be established through all levels of the monitored

structures, then a combination of suspended and inverted plumb lines may be used (Figure
4.16) as long as they overlap at least at one level of the structure. At Hydro Quebec, the

drill holes of the plumb lines are also used for monitoring height changes by installing

tensioned invar wires, as shown in Figure 4.16 (Boyer and Hamdin, 1985].

5. Alignment Methods

5.1 General Remarks

The alignment surveys cover an extremely wide spectrum of engineering
applications from tooling industry through measurements of amplitude of vibrations of
engineering structures to deformation monitoring of several kilometres long nuclear
accelerometers. Each application may require different specialized equipment for
measuring offsets of monitored points from the reference line of alignmenL Some
previously described methods of deformation surveys, for instance, inclination
measurements of engineering structures using mechanical plumb lines, could also be
classified as the alignment surveys, because the plumb line serves as a reference line for
offset measurements of selected points which is a basic procedure of the alignment

measurements.

The alignment surveys may be classified according to the method of establishing the
reference line:
* geodetic methods in which the reference line is defined by coordinates of two reference

points of the alignment line;

* mechanical methods in which stretched wire (steel, nylon, etc.) establishes the

reference line;
• direct optical, in which the optical line of sight or a laser beam "mark" the line; and
* diffraction method in which the reference line is created by projecting a pattern of

diffraction slits.
There are also some other methods more suitable to a laboratory rather than for field
applications, for instance, interferometric measurements of deflections [Chrzanowski,

1974] which are not discussed in this review. The geodetic methods (traversing, small
angle deflections, etc.) which utilize the conventional surveying techniques with theodolite
and fred targets were described in the earlier presentation on surveying methods [Secord,

V



1986].
Both direct optical and diffraction methods are affected by the atmospheric refraction

in the same way as any other surveying method based on optical instrumentation. In the

case of alignment in a horizontal plane, the influence of lateral refraction in the open

atmosphere is usually much smaller than in the vertical plane near the ground and very

often of a random rather than systematic character. However, in industrial applications,
for instance when using an alignment method in galleries of a hydro-electric power house,
the heat from generators may produce large gradients of temperature across the optical
reference line. When the constant gradient of temperature, dT/dy, is persistent across the

length s of the alignment line then the maximum error of alignment can approximately be

calculated from:
AYmax = s2 P(dT/dy) 10-5 / T2

which is valid for an average wavelength of the visible light, where P is the barometric

pressure in [mb], T is the temperature in [K], and dT/dy is in [*C/m]. The above equation
has been derived on the basis of a more detailed discussion in Chrzanowski et al. [1976].
For example, if dT/dy = 0.3*C0m, s = 200 m, T = 300K, and P = 1000 mib, the expected

maximum error of alignment (in the centre of the line) would be 1.3 mm or 6 x le of s.
In deformation surveys, the influence of refraction can, of course, be neglected if the

same gradients of temperature appear in all repeated surveys.
The mechanical methods, though not affected by the refraction, may be influenced

by other environmental conditions such as air flow [Chrzanowski, 1983] and the spiral
shape of the wire similarly as already discussed in the inclination measurements with
plumb lines.

Therefore, the choice of the alignment method requires a careful analysis of the

environmental conditions.

5.2 Mechanical Methods

The methods with tensioned wires as the reference lines have found many

applications due to their simplicity, high accuracy, and easy adaptation to continuous
monitoring of deformations over distances up to a few hundred metres.

For example, Jakob [ 1969] and Zill [ 1970] describe an application of the method for

deformation surveys in large dams. They used steel wires with I mm diameter suspended

at both ends and stretched with a tension of 10 to 50 kg. The offsets at intermediate points
were measured electrically, using inductive sensors. In order to dampen the vibrations of

the wire and at the same time to suspend the wire, a float swimming in oil has been used.
This type of equipment is appropriate for a permanent installation in the galleries of large
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dams or any other long structures. Accuracies of ±0.10 nun are reported. Peizer ( 19761

describes a similar system as shown in Figure 5.1.
A high precision alignment system using a nylon line of 0.2 mm diameter with

tension of 1.5 kg was developed [Gervaise, 1974] at the aforementioned European Centre

for Nuclear Research (CERN). The system is composed of two centring devices for the

suspension and tensioning of the nylon line and an offset measuring device consisting of a

microscope and a micrometer, as shown in Figure 5.2. The system has successfully been

used over distances up to 96 m with standard deviations between 0.035 mm to 0.070 mm

in calm air conditions. Some difficulties were reported when measuring in air currents,

and in those cases the nylon mechanical system had to be replaced with a laser aligning

method [Gervaise, 1976].

The principle of the mechanical alignment has found applications in geomechanics

for measuring ground movements transverse to the axis of a borehole (Hanna, 1985) using

deflectometers. An example is shown in Figure 5.3. In this instrument, a tensioned wire

passes over knife edges at various points along its length and transducers measure the

angular change in direction of the wire at the knife edge. Thus relative movements or
deflections are measured. Muller and Muller ( 19701 discuss the use of the deflectometer

for earth dam instumentation and quote an accuracy of ±0.04 mm with about 5 m spacing

of the knife edges.

5.3 Direct Optical Alignment

The method utilizes either an optical telescope and movable targets with the

micrometric sliding devices or a collimated (projected through the telescope) laser beam

and movable photocentring targets. Besides the aforementioned influence of the

atmospheric refraction, pointing and focussing are the main sources of error when using

optical telescopes. The pointing error with properly designed targets [Chrzanowski, 1974]
varies from 15"/M in the calm atmospheric conditions at night to 60"/M in daylight in

average turbulent conditions, where M is the mgnification of the telescope. The focussing

error in precision telescopes may have an extreme value of one second of arc but it is

practically eliminated if the survey is repeated from both ends of the alignment line in two

positions (direct and reversed) of the telescope.

Special aligning telescopes with large mgnification (up to 100x) are available from,
among others, Fennel-Cassell (West Germany) and Zeiss-Jena (East Germany). Aligning

telescopes for the tooling industry and machinery alignments are available in North

America from Keuffel and Essaer Compmny. When the optical line of sight is replaced by a

coliimated laser beam, then the acmuracy of pointing may be considerably improved if

.. .



special self-cencring laser detectors with a time integration of the laser beam energy are

used [Chrzanowski, 19741. The use of laser allows for an automation of the alignment

procedure and for a continuous data acquisition. However, when using the laser beam

directly as the reference line, one has to pay attention to the stability of the laser cavity.

Due to thermal effects on the laser cavity, a directional drift of the laser beam as high as

4"/*C may occur [Chrzanowski and Ahmed, 1971]. The latter effect is decreased by a

factor of M when projecting the laser through a telescope [Chrzanowski and Janssen,

1972].

5.4 Alignment with Diffraction Gratings

The method is illustrated in Figure 5.4. The pinhole source of a monochromatic

(laser) light, the centre of the plate with diffraction slits, and the centre of the optical or
photoelectric sensor are the three basic points of the alignment line. If two of the three
points are fixed in their position, then the third may be aligned by centring the reticle on the
interference pattern created by the diffraction grating.

it should be pointed out that movements of the laser and of its output do not

influence the accuracy of this method of alignment because the laser serves only as a

source of monochromatic light and not as the reference line. Therefore, any type of laser

may be employed in this method, even the simplest and the least expensive ones, as long

as the output power requirements are satisfied. Two types of diffraction gratings are

commonly used: equidistant circular slits, and Fresnel zone plates (Figure 5.5). Both

types have found a very wide use in precision displacement measuements.
Equidistant circular gratings are employed in a commercially available aligning

system (the alignoscope) produced by Abrend-Export in Holland. In this system, the

diffraction plate produces a circular interfernce pattern which is observed by a telescope

equipped with a circular reticle. The alignoscope has been used in several industrial

projects and has given accuracies of the alignment close to 10-6 of the distance. Its range

in the open atmosphere is limited, however, to a maximum of 100 m because of difficulty

in identifying the centre of the interference pattern over longer distances in turbulent air.
The Fresnel zone plate employs such spacing and width of slits that all rays of the

laser beam that produce negative interference after the diffraction are cut off by opaque

circular zones. This can be done by designing the distances s between the centre of the

plate and edges of the slits as equal to
sat - 4]mA (ab / (a + b)),

where s. is the radius to the mlh edge as counted from the centre, a and b are distances

from the soure of light to the zone place and frm the plate to the image-observng screen.
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The image that is formed by the Fresnel zone plate contains a very bright spot at its

centre with very faint rings around it. The zone plate acts, therefore, as a focussing lens

with the focal length calculated from:
f = (sm2/ .X) = s 12/. = (ab / (a + b))

Intensity of light in the central bright spot of the image is approximately m2 larger

than it would be without the zone plate between the source of light and the observing

screen.

If a pinhole source of light is placed at distance a from the zone plate, then the

bright, focussed spot is created at distance b. Therefore, when a number of points are to

be aligned along one line with different a and b distances, different zone plates must be

designed for each point. The method gives very high accuracy over long distances. For

instance, rectangular Fresnel zone plates with an electro-optical centring device were used

in alignment and deformation measurements of a 3 km long nuclear accelerator

[Herrmannsfeldt et al., 1967] giving relative accuracy (in a vacuum) of 10-7 of the

distance. In the open atmosphere, the effect of the thermal turbulence of air seems to have

a smaller effect when using the Fresnel zone plates than in the case of the direct optical
alignment [Chrzanowski et al. 1976].

6. Closing Remarks

As indicated in the introduction, out of hundreds available, only a sample selection

of models of various geotechnical instruments have been briefly discussed in this

presentation. Many of them give compatible or better accuracy than geodetic methods.

The decision on which instruments should be used and where they should be located must

be in the hands of an experienced person who is very familiar with both geotechnical and

geodetic methods and has a good understanding of the behaviour of the deformable object.

This leads to a need for a proper preanlysis and optimization of a proposed measuring

scheme which should be based on the best possible combination of all the available

measuring instrumentation. The design of localization of the instruments should satisfy

not only the best geometrical strength of the network of the observation stations, as is the

case in geodetic positioning surveys, but should primarily satisfy the needs of the

subsequent physical inwrpretation of the monitoring results [Chen and Chrzanowski,

1986], i-.., should give optimal resmls when solving for the deformation parameters of the

selected deformation model [Chrzanowski et aL 1986b]. An integration of all available

results of geotechnical and geodetic measurements should be incorporated into a



simultaneous analysis of deformations. This is possible nowadays by using the University
of New Brunswick Generalized Method of deformation analysis [Chrzanowski et al.,

1986b].

There is, very unfortunately, a wrong attitude among managers of large industrial
entities (mines, power dams, etc.) toward deformation surveys; generally, the monitoring
surveys are initiated only when some dangerous events occur, for instance, caving of the
surface, or a fatal accident in the mining operation, or cracking of walls of a hydro-electric
structure. This is usually too late to start precision monitoring stvveys because there is no
reference survey to which a monitoring survey can be referred. A proper interpretation of
the surveys is impossible and the ad hoc organized survey in the emergency situation
cannot be properly designed. Hundreds of expensive instruments are placed on the
structure in hastily designed locations. Finally, no one knows subsequently what exactly
to do with all the results.

In order to give an idea of the amount of instrumentation employed on some
structures, an example is given for Tarbela dam in Pakistan [Hanna, 1985]. The dam is
founded on deep alluvial deposits of boulders, gravels, and sands. The rock is weak with
many folds, shear zones, and faults. The project (generating capacity of 2100 MW)
includes a 3 km long and over 100 m high main embankment dam, 6 tumels up to 15 m in
diameter, spillways, power houses, and some auxiliary dams. Construction was
completed in 1974 and some problems already started arising during initial filling of the
reservoir; one tunnel was damaged, about 360 sink holes and about 140 cracks were
observed in the upstream clay blanket. The instrumentation for movements monitoring
includes about 300 multipoint cable and rod extensomejers, 90 invar tape extensometers,
412 strain meters, 96 torpedo inclinometers, 24 in-place inclinometers, about 85 double
fluid settlement gauges with a total of 1200 m of tubing, 84 joint meters, and a large
amount of other geotechnical instrumentation for stress, water pressure, seppage,
microseismicity, and earthquake peak measurements. The geodetic surveys are not
mentioned in the description by Hanna [19850.
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2 Rue Auguste Thomas 16027 West 5th Avenue
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A STRATEGY FOR THE ANALYSIS OF THE
STABILITY OF REFERENCE POINTS IN
DEFORMATION SURVEYS

Y.O. Chet. Adam Chrzanowski. and J.M. Secord
Department of Surveying Engineering. University of New Brunswick
Fredericton. New Brunswick

Confirmation of the stability of reference points is one of the main problems in deformation analy-
sis. The difficulty lies in the datum defects of monitoring networks. A strategy has been developed by the
authors and successfully applied in a number of projects. The method leading to the minimization of the
first norm of the vector of displacements of reference points has been designed for identifying unstable
reference points. Having flagged the unstable reference points, estimation and statistical testing of their
displacements are performed.

Two examples are given. A vertical reference network is analyzed step by step to illustrate the pro-
posed strategy. Results of analyzing a horizontal reference network for monitoring a gravity dam are
given in the second example.

La coufirmadon de la stabilitt des points de riftrence'wconstitue isun des principaux problemes dans
ranadyse des dfformations. La difficult r•dide dans l'imperfecton des donnees des rdseaux de surveillance.
Les auteurs ont mis au point une stratigie qu'ils ont appliquie avec succes d un certain nombre de projets.
La madthode menant d la minimisation de la premnire norme du vecteur des diplacements des points de
r'fbrence a iti convue pour identifier les points de rMfirence instables. Apres avoir ainsi idenatie ces
derniers, une estimation et une analyse statistique de leurs diplacements sont alors effectues.

Deux exemples sont donn&. Un riseau de rifirence verticale est analvsi defacon .ystbnatique pour
illustrer la strategic proposie. Les risultats de r analyse du reseau de ri,' rence horizontale d des fins de
surveillance d' un barrage figurent dars le second exemple.

Introduction

Most surveying schemes for monitoring some of them may move due to, for instance, local
deformations are comprised of several reference forces and inappropriate monumentation. Even if
points against which the displacements of the the reference points are monumented on solid
object points are calculated. To obtain the absolute bedrock, the forces which cause the deformation of
displacements of the object points, the stability of the object may also affect the surroundings over a
the reference points must be ensured and any large area. Therefore, the stability of reference
unstable points identified. Otherwise, the calculat- points should always be carefully checked. Unfor-
ed displacements of the object points and the sub- tunately, this problem is very often underestimated
sequent analysis and interpretation of the defor- and neglected in surveying practice.
marton of the object may be significandy distort- Over the past two decades several methods for
ed. Figure I illustrates a situation where points A, the analysis of reference networks have been
B, C. and D are reference points and the others. developed in various research centers [Pebzer
object points. If point B has moved but is not deve d inrious resea er [PeKo er
identified and is used with point A as explicit min- 1974; van Mierlo1978; Niemeier1981; Koch and
imal constraints in the adjustment for two cam- Fritsch 1981; Chrzanowski et al. 1983: Heck 1983;
Iaigns of observations, then all the object points Janusz 1983; Grmindig et al. 1985). A conceptual

and reference points C and D will show signifi- review has been given by Chrmnowski and Chen
cant movements (even when, in reality, they are 11986].
stable). The reference points are supposed to be One method, developed by the authors, is a
located outside the deformation area. However, special case of the UNB generalized method for

Visiting Professor from Wuhan Technical University of Surveying and Mapping, Wuhan, P.R. China.

CM JOURNAL A(3GC VoL 44, No. 2, Si 1990. pp. 141 o 149
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102 Nx=w (2)

103 101 where N= ATQ 1A, w=ATQII. Due to datum
A, • defects in the network, the coefficient matrix. N.

of the normal equations is singular, i.e., det{N) =
0. Therefore, one must define a datum to solve for

C x, expressed by a system of constraints or datum
SOO equations as

DTx=O (3)

in which there is an equation for each datum
defect of the network. For example, a leveling net-

A work of m points with point Pi held fixed, has the
B datum equation 8/i = 0 where 8Hi is the cornec-

B' tion to the approximate height of point Pi,. and
matrix DT is of the order I by m and has I for the

Figure 1: The influence of an unstable reference ith element and 0 elsewhere; a trilateration net-
point (not to scale) work of m points with, say, point P1 and the

the analysis of deformation surveys. TMis method azimuth from point P1 to point P3 held fixed, then
has been implemented in the computer package the datum equations are Bxl= 8y,= 0 and
DEFNAN (Chrzanowski et al. 1983; Chen 1983; sin(al3)S3 - cos(al3)fix3 = 0, where &xi and Byi
Secord 1985: Chrzanowski et al. 1986). Since
1983, the method has been successfully applied to are the corrections to the approximate coordinates
a number of monitoring networks. This paper dis- of point Pi. and matrix DT (3 by 2m) is written as
cusses the basic principles of the method and the
analysis strategy.Since no

reference Adjstment of the Obserations ...
point in a F_ D7= 0100 0 0 ... 00
geodetic in a Free Monitoring Network 0000 C 13) sin(a3) ... 00]
monitoring Since no reference point in a geodetic moni-
network toring network can be accepted as stable until the The solution of equation (2) with datum equations
can be analysis is performed, the network must be treated DT x = Oreads as (Chen 1983]as a free network. It means that the network in
accepted itself does not contain enough information to be +

as stable located in space. Examples ar a leveling network = N+DD) w (4)
without elevation information of any point, or a

until the horizontal trilateranion network without the known with a cofactor matrixanalysis is coordinates of any point and any known azimuth T-S between a pair of points. Therefore, free networks Q2 = (N+DD ) -H(H DD H)- H (5)
performed, can be freely translated or rotated or scaled in
the network space, and can be considered as suffering from in which the matrix H fulfills the conditions that

datum defects. rank(H) = rank(D) and NH=D. For a vertical net-
must be Consider the linearized parametric adjustment work H = 1. a vector with all elements equal to I.
treated as model of a free network as For a pure triangulation network of m points.

afree net- I+ =AX with O2w k([ 1 0 1 0 ... 1 0

whee• I is the n-vector of observaions, v is the n- H= 0 1 0 1 ... 0 1

vector of residua•s• xis the vector of the con= - - -Y 1
Ume to tie aproimat coardinates of the stirvey
poinL A is IM MfnigWi, m atrix. , oo is thea x? 71 x 2  .? J.
priori vyinm facor. and Q is the cofaclar matrix (6)
of the observations. The least squares criterion
leads to the normal eqtinamo where xiO. yi 0 am the coordinate components of

to



C I S M J0 U R N A L A C S G C

point Pi with rcspect to the ccntroid or thc net- Identification of Unstable
work, i.e.. Reference Points by Mini-

(=- x,)/ m, y, =y,-.y,) / ,m mizing the First Norm of the
I I Displacement Vector of Ref-

with xi. yi the coordinate components of point Pi in erence Points
the original coordinate system. The rows in HT
correspond to the translations in the x and y direc- When comparing two campaigns, the vector
tions, rotation, and scale change of the network, of displacements for all the surveyed points and
respectively. For a trilateration or triangulateration its cofactor matrix are calculated as:
network, the last row of HT in equation 6 is not d =x2 - _X. Qd= Q^ + Q2(10)
involved.

In practice, one could introduce some pseudo-
observations with very small variances to remove The pooled variance factor -2 and its degrees
the datum defects. For example, in a trilateration of freedom dfp are computable from
network, the observations of an azimuth and the
coordinates of one point are introduced. The •2,= f#)ff-2
results will be pratically the same as that obtained ) + = +df(
from equations (4) and (5). However, one should where the subscripts I and 2 refer to the first and in practice,
be cautioned that ill conditioning of the normal second campaigns, if the a priori variance factor
equations may occur due to very small variances senot avaignsl if the atisti teriante fallor
for the pseudo-observations, is not available and the statistical test on the null one could

The solution of equation (2) with respect to hypothesis H0:aI_-4 with significance level cx. introduce
the datum equations DTx = 0 can also be realized 1 some
through a similarity transformation from any solu- [F(a2;,g d. df)]' <dm / ft <F(ac: dfid,#) (12) pseudd-
tion -. as is true. Failure of the above test may be caused observations

X L . Qs . = S Q'.ST (7) by incompatible weighting of the observations
between the two adjustments or by incorrect with very

with weighting scheme. small
As already mentioned, the displacements variances to

calculated from equation (10) may be biased by
S = I - H(DTH)'IDT = I - H(HTWH)lIHTW , (8) a pre-selected datum or by different datum defi- remove the

nitions in the adjustment of two campaigns, datum
where W = D(DTD)IDT Matrix W in equation (8) which makes identification of unstable reference
can be interpreted as a "weight" matrix in the defi- points difficult To overcome this problem a defects.
nition of the datum and therefore equation (7) is strategy of minimizing the first norm of the dis-
called a weighted similarity transformation. If all placement vector of the reference points has
of the points in the network are of the same impor- been developed by the authors [Chen 1983). The
tance in defining the datum, then W = I and the strategy provides a datum which is robust to
results become the "inner constraint" solution. If unstable reference points and gives less distored
only some points are used to define the datum, displacements. For more on robust estimation,
these points are given unit weight and the others the readers are referred to Huber 119811, and
zero weight, Le., W = diag (1, 0). For moe details Caspwry (1988].
on the adjustment of free networks, reference can Let dr and Qj, be the displacement vector
be made to Chen 11983]. -2 and its cofactor matrix for the mference points,

The a posteriori variance factor co and its respectively, extracted from d and Qd in equa-
degrees of freedom, df, are computed from the lion (10). Transformation of them onto another
estimated residuals r as: datum is performed using equations (7) and (8)

as

= , -rank (A) (9) (� [I -H,(H, 'H,)- w,, = SA,( 3a)
e" and

where the rank of A for a complete network (with- Qd, = S,QdS, (13b)
out configuration defects) is equal to the number
of unknown parameters x minus the number of Matrix Hr, is constructed in the same manner as
datum defects of the network. in the previous Section and depends on the union
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of the datum defects in the two campaigns and on successive transformed displacement components
the number of reference points. For example, if the arc smaller than a tolerance 8 (say, half of the
monitoring network in the first campaign is trian- average accuracy of the displacement components).
gulation which has datum defects of two transla-
ions, one rotation and one scale and in the second During this procedure some d) (1) may approach
campaign, a trilateration which has datum defects zero causing numerical instabilities because
of two translations and one rotation, then the union I/ I d• (1) becomes very large. There are two ways
of the datum defects is the same as in the first to handle this. One is to replace the expression (16)
campaign.

The strategy presented here is to select such a by Wr(k+ 1) = diag {lI(I•dI) 1 4 )), and the other
weight matrix Wr in equation (13a) that the frust

norm of the displacement vector dr approaches a Is to set a lower bound. When I d•)( I is smaller
u ithan the lower bound, its weight is set to zero. If in

in Um, Te.lr - H ran ethe following iterations the & 0) becomes
r=(HrTWrHr)I Hr Wr r, significantly large again, the weights can be

changed accordingly. The explanation for the second
called the transformation parameters, then II drill = way is given in Schlossmacher [1973). The above

procedure provides an approximate solution to
II dr(O-hit I, where dr(i) is the jtlh element ofrd4. equation (14). In the final iteration, say (k+l)th,

and hi the ith row vector of matrix Hr The condi- the cofactor matrix is calculated from:
tion can be written as Q1, = S(,'•)Qd, 1s0 +Y7  (17)

min. {11 dr(t)-h/ I) (14) By comparing the displacement of each point
t i against its confidence region at a specified signifi-

cance level a, one can identify the reference
Equation (14) may not always have a unique solu- points which are most probably unstable.
tion. This is, however, not a problem for the pur-
poses of identification of unstable reference points.

For a two- For a vertical monitoring network, the datum Estimation and Statistical
dimensional p mt is a trnln quantity z n the vi Testing of the Displacements
network, a direction. If wi is the displacement of point Pi of Unstable Reference Pointsnetwork, a then expression (14 ) becomes o ntbeRfrneP it

method of and Object Points
iterative m .,,w. ) (15) The final splacements of the points identi-
weighted The solution for t. is straightforward. All the wi are fied as unstable and of all the object points ae

estimated by a leas squares fitting of a deforna-
similarity arranged in a sequence of their increasing lgebra- tion model Dc to the displacements d obtained
transforma- ic values, and the middle value is the value £r If from equation (10) as

tion has there is an even number of reference points, either
value of the two middle displacements or their d+ Y,= Bc (18)

been elabo- average can be used as z. In other words, the point where r is the vector of residuals after fiuing, c is
rated... or a pair of points whose displacement(s) is in the the vector of the final displacements to be estimat-

middle place has weight I and the rest, weight 0. ed and B is the design matrix. Explicitly, the
The new vector of displacements and its cofactor deformation model for each unstable point and
matrix are calculated from equation (13). object point Pi in a two dimensional network is

For a two-dimensional network, a method of
iterative weighted similarity transformation has written as:
been elaborated [Chen 1983; Secord 1985]. In this 1(1
method, the weight matrix Wr in equation (13) is di + vi= =C 0 )

taken as identity at the outset. then in the (k+)th b
transformation the weight matrix is defined as a for e ble point Pj as:

(16 + vi [ :]0* (19b)
wht d, (s) isethe omponentofn vector
after the Ak iteration. The iterative procedure cOn- Thus, the matrix B in equation (18) has unit ele-

untiues unl the absolute differences between the meats conresponding to the unstable points and

-4i
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object points, and zcros elscwherc. Solution of = v p••(24)
equation (18) gives = Piv

which follows a chi-squared distribution with
degrees of freedom as

(BrPdB)ITBPid (20a) dfc = rank(Pd) - mc (25)

and its cofactor matrix where mc is the dimension of unknown vector c
and the rank defect of Pd is equal to the number
in the union of datum defects in both campaigns.

Q• = (BTPAl)" (20b) If the inequality

The weight matrix Pd can be calculated [Chen, AR / (4f, 4) <F(c ; df.. 41; 26)

1983] either as holds, the null hypothesis is acceptable at the (1-
a)% confidence level. Otherwise a search for

Id= NI(NI+N2)-N 2  (21) other unstable reference points should be made.
or The latter case seldom occurs. When the a pri-

Pd=(SQP+1SQdS+H(HTHIHTIL.H(HTH)IHT oi variance factora o2 is known, 'op and d4p in

(22) the tests (23) and (26) are replaced by U0
2 and

o, respectively.
In equation (21) Ni (i=1,2) is the coefficient The analysis procedures discussed above
matrix of the normal equations (see equation (3)). are summarized in Figure 2.
A generalized inverse, (NI+N 2)', can be comput- [ d*L,.--d o abL

ed as (N1+N2 +HHT)-l, where the column vectors
of H correspond to the commom datum defects in & m t.a mmu
the two campaigns. If two campaigns have the fer F''. I,
same survey scheme and measurement accuracy, so.-D . ...U
i.e., NI= N2 = N, then

P•= N2. (21')
In equation (22) matrix S is as expressed in equa- W-1 not=
tion (8) with W =I and the column vectors of H
correspond to the union of datum defects in the
two campaigns. The reason for computing the
weight matrix in such a way is so that the estimat-
ed parameters c will be independent of the datum
used in the adjustments. If the datum defects are
removed by the introduction of some pseudo-
observations with small variances, then the weight
matrix could be calculated from

Pd =Qd-'(22')
However, in this case, not only will numerical
problems likely occur due to ill-conditioning of Y VWAB IM-,b
Qd but also will complications arise in modelling -.
of deformations. Some additional parameters have-so
to be introduced, as is explained in the second
example below. More details are given inC"-Iaf naumo
[Chrzanowski et al. 1983]. MMo dN

The significance of the estimated displace-
ment ci for an unstable point Pi is indicated by EAMM-M-oZC7024,% I [mi (6'bý] > F( a. : k. dfe) (23) " ý .3

where mci is the dimension of ;i, Qci is the sub- DL6 ?

matrix of Q% and crpand 4pare the pooled van-
mice facto and its degrees of freedom, respective-YUn woSwly. To test the null hypothesis that no other unsta- mmk P.
ble point exists, a quadratic function AR of the
estimutdW residuals Y is calculated as Flgre 2: The flowchart of ainaisl promedres
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Examples Since the a priori variance factor is not available.
the a posteriori variance factors for both cam-
paigns are csae~d bor the residuals as

Analysis of a Vertical Reference p a =0.693 as
6

Network (I Piv•) 0.269/3 = 0.0997

Figure 3 is a leveling reference network with and

two survey campaigns. The observations arc listed 6
in Table 1. = (•P.,) /4d2 =0.109/3 = 0.0363

A The null hypothesis Ho: ='2 is tested using
expression (12):

I/F(O.025;3,3)<O/2 12.47<F(0.025;3,3)= 15.4

4 Therefore, the pooled variance factor is calculated
3 from equation (11) as

C (kp= 0.0630
with degrees of freedom dfp= 6.

The vector of displacements [mm] and its
5 cofactor matrix read

D d = X2 - £', = (0.00 1.94 2.061.74

Figure 3: A leveling network 0 0 0 0 1

Table 1: The observations or the leveling aetworL Qd= 0 0.74 0.40 0.45

0 0.40 0.60 0.40
observed height difference [(mai 0 0.45 0.40 0.741

leveling line campaign I campaign 2 weight pi

Step 2. Identfication of unstae points

145.2 Using the method discussed above, the dis-
placements are arranged in the sequence of their

2 265.8 265.6 2 increasing algebraic values as (0.00 1.74 1.94
3 310.3 312.2 1 2.06). Thus points D and B are assigned unit

4 -26.2 -24.1 2 weight and points A and C zero weight (transla-
lion parameter i. in equation (15) is the mean of

5 706.8 76.7 2 the two middle displacements, i.e.. tz = 1.84).

6 336.5 336.1 2 After the weighted similarity transformation, the

new vector of displacements [umm] and its cofactor
matrix are

Step 1. Adjiustnent of the leveling network and
computation of W divspklme d =(-1.840.100.22 -0.10)

Point A is fixed with an elevation of 0.50000 and
m in dhe adjustment of dhe observations for each 0.60 0.00 020 0.00
campaign. The adjusted heights [m] of points A.
B. C. and D for both campaigns we Qd; 0.00 0.15 0.00 -0.15

0.0 -0.15 0.00 A 0.151
= (0.90000 0.54479 0A7392 0.81046) 1.0.20 0.00 0.00

Old
The displacement of each pOnt is tested at a sig-

SW (0.50000 0.34673 0A7598 0.81220) nificance level of a = 0.05. i.e.,
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d4Coqt)='(-1.84)2/[(0.60X0.0630)-=89.6>F(0.05; I 16)=6.0

0a.W....... l..6.F(..05; 1.6)--6.0

Z"4 0 1.92<F(0.05; 1.6)6.0/ "

It is clear that only point A can be strongly sus- .
pected as being unstable.

Step 3. Estimation ef the displacement of the
unstable poi"L

Using equation (18) with dT = (0.00 1.91 . .
2.06 1.74), BT:= (1 0 0 0) and

2 -0.5 -I -0.5.

Pd=fiNI(NI+NT,)'N2=N = -0.5 2.=1 - z

-I 3 -1
-0.5 -1 -1 2.5

the estimated displacement of point A is 50 rn

S= -1.95 mm Figure 4: The womltoring network of a gravity dam

and its cofactor
dam crest (Figure 4) was observed in two survey

Tr, = (BrpjB = 0.5 campaigns with 47 directions in the first cam-

The displacement is significant due to the fact a paign and 53 directions in the second. Least
squara esteniations of the coordinates x 1 , z2

2/ 126.1 > F(w.05; 1.6) = 6.0 were made under explicit minimal constraints
"c2 I q) =.5 ) 0involving points E and F (considered "fixed"

The test on the deformation model is performed and errorless). No observation in either cam-
using the quadratic function (24) with the residu- paign was detected as being an outlier at a=0.05
ais equal to using r-max test [Pope 1976; Van[Eek and

v = (-1.95 -1.94 -2.06 -1.74) Krakiwsky 1982]. The pooled variance factor,
and C= 0.95, had dfp = 31 degrees of freedom.

T 08The vector of displacements d and the cofactor
AR v v 0.189 matrix Qd were obtained using equation (10).

The test Within the d and Qd there are zero elements cor-

responding to points E and F.AR / (2•) = 1.5 < F(0.05: 2.6) = 5.1 The vector of displacements dr and its

indicates that the deformation model is acceptable, cofactor matrix Q• for the reference points A,

i.e., the remaining points can be considered as sta- B. C, D, E, and F were extracted from d and Qd-

ble at 95% confidence level.
One can also use the vector of displacements d The iterative weighted transformation resulted in
Onercasos the veigt e cto or m n to the displacement pattern. coupled with the 95%

after the weighted similarlity transformation to confidence ellipses, for the reference points as
estimate c and calculate the test statistic AR. The shown in Figure 5. Obviously, reference point D
results will be identical. This indicates that what- has moved significantly while the others remain
ever minimal constraint solution is used in the stable.
estimation and test processes, it will not affect the Having ai and bi as unknown parameters
final results. corresponding to the x- and y-components of the

displacement for each object point and also for
point D. the deformation model consisted of 22

Analysis of the Reference Network pam rs (ie., 11 pairs of displacement corn-

for Monitoring a Gravity Dam ponents). The weight matix Ped was calculated
using equation (22) and the 22 unknown param-

A pure triangulation network of 6 reference lems were estimated using equation (20). A plot
points and 10 uniquely intersected points on a of these estimated displacements and their asso-

14"/
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rM testing procedures would be used. However, if
either or both of points E and F would have been
identified as unstable, additional parameters
which are a function of the displacements of
points E and F would have to be included in
deformation modeling. If both points would have
been identified as unstable reference points, Vic
calculated displacements of other points would
have been distorted by translation, rotation and
scale change. To account for these effects equa-
tions (19a) and (19b) would have to be changed to

OA di + v• :a+ + U, + k2(y-yF) + aF
0 di +kvi=-zi - k(y•-y,-) 

+ b,"
50 m 5 mm

Figure 5: Displacements after the iterative weighted trmsformation d f kl(xpx) + k2(Y,-yF) + F1

ciated 95% confidence ellipses is given in Figure d =k(xiX) + k '
6. With 6 degrees of freedom in the modeling, the ki(x,-xs) + kl(y,-yF) + bj
test on the adequacy of the model was not rejected
at a=0.05 since: respectively, where k, and k2 are the unknown

,&R / (df,4) - 1.76 < F(0.05; 6, 3 1) = 2.41 scale change and rotation parameters. The final
displacement components of point E can be then

where AR is the quadratic form of the residuals - calculated from
after fitting, calculated from equation (24). Thus,
the deformation model, in which the reference ant(=_xz)+;(X&X6e- . ba•a)(Y-yF)-k2(xz-zJ")+bFpoints A,, B. C, E, and F ar accepted as stable, isappointsA.B If only one of them, say point E, would have been

One could perform the above analysis using a identified as unstable, aF and bF would diappear
subvector dl of d and submatrix Q.• of Qk which in the above formulation. To avoid these problems
do not include zero elements corresponding to the the methodology suggested in this paper should be
"fixed" points E and F. In this case, the weight followed.
matrix of dl would be calculated directly as Pjn =

Qdl' rather than using equation (22). Since points Acknowledgement
E and F have been identified as stable, the defor-
mation model would be formulated in the same This research has been sponsored by the Nat-
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COMBINATION OF GEOMETRICAL ANALYSIS WITH PHYSICAL INTERPRETATION
FOR THE ENHANCEMENT OF DEFORMATION MODELLING
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SUMMVARY

The geometrical analysis and physical interpretation of deformations serve different purposes,
but distinction between them should not be taken as absolute. The physical interpretaion through
the statistical or deterministic modelling may help in selecting a proper deformation model in the
geometrical analysis, and the outcome from the geometrical analysis may reveal causes of the
deformation, thus enhancing the further interprezajon. A proper combination of them may
improve our knowledge on the mechanism of the deformation. This paper presents the basic
idea and a conceptual formulation on the combination of geometrical analysis and physical
interpmeation. Two pnictcal examples are given.

RtSUM0ý

L'analyse g~om6trique et I'interprdtation physique des d6formations se pretent avzx buts
distincts, pourtant, la diff~ence entre les deux ne peut etre considt&le comme absolue.
L'intepr~tation physique peout aider, en utilisant un modble smatstique ou d6terministique, i
choisir un mod~le de d6formation approprid pour I'analyse g6om6trique. Le r~sultat de cc
demier petit r6v6ler lea causes do ha d6formation, et donc, l'interpri~tation suppldmentaire est
amd1ior~e. Une combinaison correcte de l'analyse et de l'interprttation peut am6liortr notre
connaissance du m6canisme de la d~omto.Ce papier pr6sente l'id6e de base ainsi qu'une
formulation conceptuelle de la. combinaison de l'analyse gA-orntrique et de I'interprdtation
physique. Deux exemples pratiques sont offert.

ZUSAMMENFASSUNG

Die geometrische Analyse und die physikalische Interpretation dienen zwar unterschiedlichen
Zwecken, aber diese Unterscheidung sollte nicht als absolut angesehen werden. Die
physikalische Interpretation mit statistischen oder deterrninistischen Modellen kann dazu
beitragen, ein geeignetes Deformationsmodell, fur die geometrische Analyse auszuwihlen.
Andererseits kann das Ergebnis der geometrischen Analyse die Ursache der Deformation
aufdecken und damit eine weitergehende Interpretation ermn~glichen. Eine sinnvolle
Komnbination von geometrischer Analyse und physikalischer Interpretation kann den
Kenntnissrand beziiglich der Deforrnationsmechanik verbessern. In diesemn Beitrag werden die
grundsitzlichen Ideen und die konzeptuelle Formulierung dieser Kombination entwickelt. Zwei
praktische Beispiele werden vorgesteilLt
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1. INTRODUCTION

Deformation analysis is comprised of two aspects - geometrical analysis and physical
interpretation. Geometrical analysis gives information on the geometrical status of a deformable
body - the changes in its position, shape, and dimension. Physical interpretation explains the
reasons for the deformation and, possibly, establishes the load-deformation relationship. The
outcome of the geometrical analysis may lead to a qualitative interpretation of the deformation.
For example, in the case of crustal movement studies, survey engineers and geodesists perform
geometrical analyses and indicate the deformation status of the area of interest both in space and
in time domains. From this geophysists try to explain the deformation mechanism. If the causes
of the deformation are well defined, the analysis of the load-deformation relationship can be
performed quantitatively.

There are two basic methods of interpretation: the statistical method and the deterministic
method [(rzanowski et al. 1982]. In the statistical method, the correlations between observed
deformations and observed loads, or causative factors, are analysed and a prediction model is
developed by performing a statistical analysis on the past data. In the deterministic method,
information on the loads, properties of the material, geometry of the body, and physical laws
governing the strain-stress relationship are utilized. In contrast to the statistical method, the
deterministic method does not require observation of the deformations and loads.

For several decades, there has been an obvious separation between the geometrical analysis and
physical interpretation and between the two methods of interpretation. The geometrical analysis
is usually done by survey scientists and engineers, but physical interpretation is done by other
specialists. In the interpretation'of some engineering structures, e.g., dams, survey engineers
establish the prediction model using the statistical method, while civil engineers calculate the
deformations at the design stage using the deterministic method. Survey engineers and other
specialists have had little communication with each other, thus not taking advantage of a
possible integrated analysis.

In recent years, more and more attention has been paid to an interdisciplinary appzoach to
deformation analysis in surveying community. Several papers discussing the importance of the
integrated analysis have been presented E e.g., Chrzanowski et aL 1983; Chen and Chrzanowski
1986; Teskey 1986].

In this paper, the authors, after briefly reviewing the geometrical analysis and the methods of
physical interpretation, discuss the concept of the combination of geometrical analysis and
physical interpretation. Two practical examples are given which illustrate the usefulness of the
integrated analysis.

2. GEOMETRICAL ANALYSIS AND PHYSICAL INTERPRETATION

2.1. Geometrical Analysis of Deformation Surveys

The deformation of an object is well defined if a displacement function representing the
deformation is known [Chrzanowski and Chen 1986]. Assume that the displacement function is
written as

d(x,y,z; t-t0) = B(x~yz; t-to)c (1)

where d is the displacement of a point (x,yz) at time t with respect to a reference time to, B is
the deformation matrix whose elements are some selected base functions, and c is the vector of
coefficients. The analysis of the deformation of an object is determining the function (1),
including its analytic shape (model) and the coefficients, from the observations. Let I1(t) be an
observation at tine L It is related to the deformation model (1) either by
1. expressing it in terms of the coordinates of the related points, and then transforming the

coordinate differences (displacements) into the deformation model; or by
2. expressing it directly in terms of the deformation model.
The first case is symbolically represented in linear form by
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E{i (t)= aixt = aix0 + ai(xt - xo) (2)

where El } is the expectation operator, the row vector ai contains the partial derivatives of the
observation Ii with respect to the coordinates of the related points, x, is the vector of the
corrections to the approximate coordinates of the surveyed points at time t, and (xt - x0) is the
vector of the displacements. Substituting equation (1) into (2) results in

E(Ij(t)) = aixo + aiBf c (3)

where B, is the matrix constructed when superimposing the deformation model Bc and is
evaluated at the surveyed points and at time t. The second case is expressed as

E(li(t)} = E(l1(to)} + aiBffc (4)

The use of equation (3) or (4) depends on the type of observation. For an observation in a
geodetic network, expression (3) is better because it takes full advantage of the observations.
For individual isolated geodetic observations and geotechnical measurements, equation (4) is
employed. Complete comparison of the above two formulations has been given in Chen (1983].
The functional relationship between different types of observables and the deformation model
have been derived in Chen (1983], Secord [1985], and Chrzanowski et aL [1986]. Combining
all the observations made at differnt locations and at different time epochs results in:

1 + v = Az + Gc (5)

where I is the vector of the observations, which, in general, includes geodetic observations in a
network, individual isolated observations, and geotechnical measurements; v is the vector of
residuals; z is the vector of the coordinates of the surveyed points in a network and expected
values of the individual observations and geotechnical measurements at reference epoch to, and
A and G are the corresponding transomtion matrices. By applying the least squares criteion,
the vector of unknown coefficients c, its cofactor matrix Q%, and the sum of the weighted
squares of the residuals, AR, are calculated. The statistical tests on c and AR are performed to
examine the significance of the estimated parameters and the appropriateness of the deformation
model If the tests are unacceptable, the model has to be refined and the estimation processes are
repeated.

A method, called the UNB Generalize Method for Deformation Analysis, has been developed
by the authors [ Chrzanowski et aL 1983; Chen 1983; Secord 1985]. The method is applicable
to any type of geometrical analysis, both in space and in time, including the detection of
unstable reference points and the determination of strain components and relative rigid body
motion within a deformed object. It allows utilization of different types of survey data and
geotechnical measurements. In practical application, the approach consists of three basic
processes: identification of deformation models; estimation of deformation parameters;
diagnostic checking of the models and final selection of the "best" modeL The method has been
implemented through a software suite DEFNAN developed in FORTRAN 77 on an IBM 3090
mainframe and on an IBM PC AT. More details are presented in Chrzanowsld et al. [1986].

2.2. Physical Interpretation of Deformations

2.2.1. Interpretation by the statistical method

Let y(t) be an observed deformation response (e.g., displacement) at time t with respect to a
reference time to, and xi(t), i=1,2,..... m, be the observed value of the ith causative factor.
Assume that the deformable body can be considered as a linear system, i.e., additivity and
homogeneity can be applied [see Bonaldi et al. 1977; Fanelli 19791. Then, the response is
expressed as:
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y(t) f= xI(Ox + f2 (X2(t)) + ... + fm{xm(O)} (6)

where fi(..) is the function of a causative factor. Different causative factors may produce

deformations in different manners. Some effects can be modelled by polynomial functions, but

others may be more adequately expressed as trigonometric functions, and so forth. Take as an

example the modelling of the response of a concrete dam. The horizontal upstream-downstream
displacement d(t) of a point can be expressed as [Chen and Chrzanowki 1986]

d(t) d1(t) + d2(t) + d3(t) (7)

where dl, d2, and d3 are the hydrostatic pressure component, the thermal component and the
irreversible component due to non-elastic phenomena, respectively. Component d, may be

modelled as a polynomial function of the water level h(t) in the teservoin

d1(t) = a0 + alh(t) + a2h2(t) + ... + aklhki(t) (8)

Component d2 may be modelled in two ways. If some key temperatures Tj =1,2, .. , k2) in

the dam are measured, then

d2(t) = b1TI(t) + b2T 2(t) + .- + b12Tta(t) (9a)

If no temperar t is available, it can be expressed as a cyclic function of tie

d2 (t) = cl 1sin(0m) + C12COS(0t) + C21sin(24Wt) + C22COS(2o0t) +.- (9b)

where (o = 2r/yr. Component d 3 is usually apprximated by a time function, for instance, as

d3(t) = Oet + 0 2t0 ln(t) (0 <r <1) (10)

In the above, all the coefficients have to be estimated from the observed displacements. In
general, equation (6) is expressed as

y(t) + v(t)=Ibc. V t (11)

where b is a row vector whose elements are some selected base functions of causative
quantities, c is the vector of unknown coefficients, and v(t) contains the residual to the fitting.
Following the same procedures as in the geometrical analysis, the coefficients c are estimated
and statistically tested. The final model suggests the response behaviour of the different
causative factors and is used for prediction purposes.

2.2.2. Intepreation by the deterministic method

Deformation of an object will develop if an external force is applied to it. The external forces
may be of two kinds: surface force, Le., forces distributed over the surface of the body. and
body forces, which are distributed over the volume of the body, such as gravitational forces and
thermal stress. The relation between the acting forces and displacement is discussed in many
textbooks on mechanics (e.g., Sokolnikoff 1956]. Let d be the displacement vector at a point
and f be the acting force. They are related as

LTDLd + f= 0 (12)

where D is the constitutive matrix of the material whose elements ame functions of the material

properties and L is a differential operator transforming displacement to strain. If initial strain Eo

and initial suess OD exist, equation (12) becomes

LTDLd + (LToo - LTDEO) + f = 0 . (13)
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In principle, when the boundary conditions, either in the form of displacements or in the form
of acting forces, are given and the body forces are prescribed, the differential equation (12) or
(13) are completely solved. However, direct solution may be difficult, and numerical methods
have to be used and this is where the finite element method (FEM) provides a powerful tooL

The basic concept of the FEM is that the continuum of the body is replaced by an assemblage of
small elements which art connected together only at the nodal points of the elements. Within
each element a displacement function is postulated and the principle of minimum potential is
applied, i.e., the difference between the work done by acting forces and the deformation energy
is minimized. Therefore, the differential operator L is approximated by an linear algebraic
operator, say E. The relation between the vector of the forces f, and vector of the displacements
d. for the nodal points of an element becomes

L DLd(voL)J de - Kede (14)

where K. is called the stiffness matrix of the element. Once the stiffness matrices for all the
elements have been calculated, an overall structural stiffness matrix K is composed by a
superposition of the stiffness matrices for all the elements, and the total equilibrium equation for
the whole body is written as:

K(15)

where Y is a vector of applied nodal forces in the whole body, and d is a vector of nodal
displacements. If boundary conditions are known, the displacement at any nodal point can be
calculated

-7 ... A FEM computer program, called FEMMA, has been developed for two dimensional and three
dimensional elastic and non-linear elastic analysis (Szostak-Chrzanowski 1988]. The program
can utilize the following input data:- initial stress, initial strain, body forces, forces and
displacement boundary conditions, elasticity parameters, and strengh parameters. The output
includes displacements, strain and stress in each element principal stresses, and a list of the
elements whose stresses exceed a given failure criteria. The program has been written in
FORTRAN 77 on an IBM 3090 mainframe, IBM PC AT, and Apple Macintosh Plus with
external hard drive.

3. ENHANCEMENT OF DEFORMATION MODELLING BY AN INTEGRATED
ANALYSIS

Although geometrical analysis and physical interpretation are to serve different purposes, the
distinction between them should not be taken as absolute. As mentioned earlier, the first step in
geometrical analysis is to identify possible deformation models. The prediction models
established using either the statistical method or the deterministic method will help in providing
a preliminary deformation pattern for the geometrical analysis. The discrepancies between the
results of geometrical analysis and the predicted values or rejection of the predicted model may
lead to the discovery of an anomaly, resulting in the further refinement of modelling, as shown
in an example in section 4 below.

In order to use the deterministic method the causative factors should be well defined. However,
this may not always be the case. The geometrical analysis provides the deformation trend which
assists in finding the possible causes of the deformation (qualitative physical interpretation).
Having identified the possible causes, the deterministic analysis is applied to calculate the
deformation detail and confirm the suspected cause, as shown in another example in section 5
below.
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In the comparison of the two methods of physical interpretation, the statistical method possesses
some undeniable merits. But. it requires a comparatively large amount of data on both causative
and response quantities in order to obtain a reliable model. This suggests that the method cannot
be used in the initial period of operation of a structure because of insufficient data. On the other
hand, the deterministic modelling, which is more versatile, may have large errors due to
imperfect knowledge of the material properties and incorrect modelling of the behaviour of the
material(elastic instead of plastic or neglect of creep, etc.). Therefore, a combination of the
deterministic and statistical methods is advocated for an optimal modelling of deformations.

Let xi(t) (i = 1, 2, .... m) be the ith causative factor. Then its effect di(t), the displacement, at a
nodal point, is calculated using the FEM.. The total displacement d(t) is the summation of all the
effects:

d(t) = dr(t) + d2(t) + ... + di(t) (16)

Since there are several uncertainties in the deterministic modelling, d(t) may significantly depar
from the real value. One can improve the iodel by introducing some additional terms taL
care of those deformations which can not be calculated by the deterministic method and L
calibrating effects for each causative factor or for some of them. Thus, equation (16) can be
enhanced as

d'(t) = kldi(t) + k2d2(t) + ... + kmdm(t) + Me (17)

where kj (i = 1,2, ..- , m) are the calibration constants; M is a matrix, like the deformation
matrix B in equation (1), whose elements are some selected base functions and are functions of
position and time; and e is the vector of unknown coefficients. Again, take as an example
physical interpretation of the deformation of a concre dam. The well defined causative factors
are hydrostatic pressuze and thermal expansion of the concrete. Their effects can be determined
by FEMV The horizontal upsatam-downstream displacement of a point d(t) is

d(t) = dp(t) + dT(0 (18)

whre dp(t) is the hydrostatic component and d7<t) the thermal component. Since the thermal
component is proportional to the thermal expansion coefficient a, and the hydrostatic pressmu
component is inversely proportional to Young's modulus E of concrete, The calibration

constants are (Wa/O) and (H0lE), rspectively, where a0 and Eo are the corresponding values
used in the FEM computation. The possible irreversible deformation cannot be calculated with
the deterministic method and additional terms, e.g., Olt +02 tr In(t) (see equation (9)), could
be introduced. Thus the refined model becomes

d'(& = (Wcxzo)d(0 + (Eo(E)d-(t) + [0Ot + 02tn(t)J. 0 < r < 1 (19)

Let I be the vector of the deformation measurements as defined in section 2. Equation (5)
(repeated as equation (20b)) expresses the relation between the observations and the
deformation model for the geometrical analysis. The displacements calculated using the
deterministic method could also contribute to the determination of the geometrical status of a
body. Let the calculated displacements for all the nodal points and all the time epochs, denoted
by d, be treated as "observations". Then they are related to the deformation model as:

ii + 8 = Gdc + lei iii + W2 32 + -.- + km d' - Me (20a)

I + v = Ay + Gc (20b)

where ii is the component of d produced by the ith causative factor, 8 is the vector of residuals,
ki = (I - kW), i = 1, 2,..., m, Gd is the matrix transforming the deformation parameters c to the
displacement vector a, and MM is constructed by superimposing matrix M in equation (17)
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evaluated at all the nodal points and at all the time epochs. If the accuracies of I and d are

compatible, one can solve simultaneously for c, ki (i = 1.2 ... n m), and e, and perform
statistical tests. In this way the geometrical analysis, the physical interpretation of the
deterministic method, and that of the statistical method arc combined into one model. In
practice, the accuracies of the displacements calculated from the deterministic method are usually
much lower than those from direct observation. In this case, equation (20) is reduced to

(d- GdC) + 8 = k, idt + k2 d'2 + ... + k',. m - Re (21)

where c is the estimators from the geometrical analysis. Equation (21) is the model for physical

interpretation by combining the deterministic method with the statistical method.

In order to better understand the methods of deformation analysis, a flowcham summarizing the
different analysis methods and their interaction is presented in Figure 1.

4. INTEGRATED ANALYSIS OF GROUND SUBSIDENCE IN A MINING AREA

The UNB Generalized Method has been applied in an intergrated analysis of survey data
collected in rugged mountainous terrain of western Canada near Sparwood, British Columbia,
over an undergound coal mining operation [Fisekci and Chrzanowski 1981]. The purpose of the
surveys was to monitor ground movements caused by extraction of a 200 m by 700 m panel of
a 12 m thick and steeply inclined coal seam ( Figure 2). Three types of observatons were used
in the integrated analysis of the ground subsidence above the panel: changes in coordinates of
15 points determined by terrestrial geodetic methods, changes in the coordinates of 29 points
calculated from aerial photogrammetric surveys, and changes in ground tilts at three stations
obtained from remotely controlled bi-axial tilmneters. Several possible deformation models were
fitted to the observations and statistically tested. The best fitted model of this rather complicated
case of the ground subsidence is shown in Figure 3.

Besides the described deformations, the extraction of the coal panel produced surface cavings
above the upper edge of the panel near the outcrop and long cracks near the mountain ridge,
which could not be readily explained. The suspected fault, shown in Figur 2, which was
approximately mapped at the level of the mining workings could be a possible explanation.
However, the geometry of the fault, its dip angle, and depth had not been identified. Therefore,
a comparison of the above geometrical model of the subsidence with the deterministic model for
those uncommon topographical and mining conditions has been of great interest in order to
confirm the existence of the fault which could be very essential in predicting the ground
behaviour in the case of a further expansion of the coal extraction.

Due to very limited information on the geology and tectonics of the mining area, the
deterministic modelling of the subsidence was difficult. An iterative non-linear elastic finite
element analysis has been performed using the program FEMMA and a method, known as the
S-C Method, of ground subsidence prediction developed by Szostak-Chrzanowski [1988]. The
modelling has been complicated by the fact that besides the unknown fault parameters, the in
situ Young's modulus, E, of the rock was also not known. According to the very limited
information available to the authors, the strata above the extracted panel consisted of a medium
strong sandstone and shale formation with an average unit weight of 27N/m3. Thus, the
deterministic modelling had to be calibrated first for the average Young's modulus without the
suspected fault.

Two iterative analyses have been made: one without introducing the suspected fault into the
FEM model; and the second, with the fault zone represented by a string of elements between the
developed crack on the suface and the mapped discontinuity in the rock masses in the
underground workings. The analyses have shown that the best agreement between the
geometrical and deterministic modelling is obtained for E = 2 GPa, which is quite reasonable for
weak sandstone and shale. The FEM results with the fault have shown incomparably better
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agrecmcnt with the observed values than without the fault. Figure 4 gives the final FEM model
with the fault and the comparison of the observed and calculated displacements.

Combination of the geometrical and deterministic analyses in this example has revealed the
existence of the discontinuity in the area. In the refined geometrical analysis, the parameters of
rigid block movement would be included in the deformation model. In addition, the deformation
survey scheme would need to be expanded beyond the ridge of the mountain in order to better
monitor the deformation of the area.

5. INTEGRATED ANALYSIS OF THE DEFORMATIONS AT A HYDRO-ELECTRIC
POWER GENERATING STATION

In 1988, the UNB Generalized Method was applied in an integrated analysis of the
deformations of the structures at a hydro-elecuic power generating station in eastern Canada.
The generating station under investigation is comprised of a rockflll dam, sluiceway, a 42 m
high concrete gravity dam(intake) connected to the powerhouse structure by six penstocks. In
the mid- 1970s, opening of vertical construction joints was noticed immediately downstream
from the turbine/generator block in the powerhouse (Figure 5). The joint is currently open about
30 mm, and shows a steady rate of expansion of about 3mm/year at the upper generator floor,
decreasing to about 1mm/year 12 m below. At the same time, leakage through horizontal
construction joints in the spillway and the intake has become evident. In 1985, a longitudinal
expansion of the intake and the resulting obstruction to the movement of the adjacent spillway
gate were observed.

Numerous theories were put forward to explain the abnormal structural deformations and
behaviour of the concrete, particularly in the powerhouse and the intake. At first, the theories
included regional and local rock movements, transfer of water load through the penstocks to the
powerhouse, effects of alkali-aggregate reactivity in concrete, residual sawss and squeeze andfor
rebound of the foundation. Recently, alkali-aggregate reaction has been determined to be the
prime cause of the deformations.

To better understand the mechanism and causes of deformation, an extensive monitoring
scheme was developed which includes precision geodetic surveys and measurements with
geotechnical instruments such as multi-rod borehole extensometes invar tape et
suspended and inverted pendula, and various joint meters and tell-tales across the joint openings
and structural cracks. The frequency of the repeated measurements varies from weekly
observations with some of the geotechnical insumntaton to annual measurements of the main
geodetic monitoring network. Figure 5 shows the location of typical instrumentation used in a
cross section of the powerhouse/intake structure. Since 1986, the University of New
Brunswick (UNB) has added observations with the satellite Global Positioning System (GPS)
to the monitoring scheme to monitor regional stability.

Trend analysis of all observations has been performed indicating that the deformations were
linear in time with fairly constant rates after having compensated for seasonal periodic
variations. Therefore, the average rates of observation change could be taken for the spatial
trend analysis. Figure 6 gives an example of rates of deformations (mm/year) obtained from a
sample of measurements in one upstream-downst-eam cross-section of the powerhouse.

The absolute displacements of geodetic points, when compared with the pendula, tell-tale,
jointmeter and tape and borehole extensometer measurements at the generator and turbine floors,
indicate that the powerhouse is expanding not only downstream but also toward the intake. The
tape extensomete measurements indicate that the tailrace part of the smacture expands at a much
larger rate than the upstream part of the powerhouse. Examination of the borehole and tape
extensometer measurements at lower levels also indicates expansion of the foundation concrete
both vertically and horizontally, with increased rates in the downstream portion of the whole
structure. They also show that the foundation bedrock is perhaps stable, unless it moves as one
solid block. The levelling and borehole extensometer data indicate an overal uplift and tilt of the
powerhouse. The plumbline and joinuneter measurements indicate a possible relative rotation of
the blocks separated by the open joint.
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As discussed earlier, the goal of the analysis is to find displacement functions which fit into all
the observed rates of deformation, in the statistically best way. Once the function has been
determined, all basic deformation parameters such as strain components, rotations, and rigid
body movements can be calculated at any desired point of the deformable body. The reliability
of the displacement function depends on the number of redundant observations and quality of
the observations which ar included in the deformation modelling.

When analysing the powerhouse, it had to be taken into account that the structure is not
homogeneous. There is a zone of the massive concrete foundation, a number of galleries and
other empty spaces, turbines, the upper practically empty shell with the roof structure, and,
finally the developed joint openings. Each zone may be expected to have different responses to
the forces producing the deformation. The foundation bedrock, which may also demonstrate a
deformation, must be also considered in the deformation modelling. Being restricted to only
about 30 observables in each cross-section of the powerhouse, the division into various
deformation zones had to be simplified considerably to provide a reasonable redundancy for the
accuracy evaluation. About 20 different functions (full or partial polynomials) have been
atempted in fitting the observations data. Figure 7 gives a graphical display of the displacement
field, which has been accepted as the statistically best deformation model in a cross-section of
the powerhouse. The displacement field and the strain field derived from it indicate a volumetric
expansion of the whole structure. The volumetric expansion causes opening of the dilatation
gaps and creation of cracks at the contact zones between the expanding and stable materials. One
has to emphasize that the derived displacement field gives only a picture of idealized average
behaviour of the strucure which, in reality, is very non-homogeneous. Many more observations
would be needed to obtain mome detail on the behaviour of various zones of the powerhouse.
This, however, is not really needed for understanding the general mechanism of the
deformation. Since the foundation bedrock seems to be stable, as revealed by the borehole
extensometer measurements, the only explanation for the volumetric expansion is an action of
body forces such as swelling of the concre. There is no indication of any downstream rotation
of the downstream portion of the powerhouse which could be suggested by the crack opening
being larger at the upper levels. It could be produced by the non-homogeneity in the strengh of
the material at different levels, mentioned previously.

To verify the findings of the geometrical analysis on the volumetric growth of the stucture,
finite element modelling of the deformations has been carried out using FEMMA. In the
analysis, the assumed growth of the concrete was introduced as an initial strain rate, with the
basic rate for solid concrete blocks in the powerhouse being 0.2 mrm/m/year (deduced from the
geometrical analysis). Because of a non-homogeneous distribution of the steel reinforcement in
the structures, a non-uniform expansion of the structure could be expected. Therefore, the input
strains in the FEM analysis have been differentiated from one zone to another by reducing the
basic rate proportionally to the percentage content of the reinforcement steel in concrete. Figure
8 shows the FEM mesh for the powerhouse and gives a comparison between the displacement
field derived from the FEM and from the geometrical analysis. An excellent agreement has been
achieved. Thus, in spite of the complexity involved with the various sources and quality of data,
the various locations for observation, and behaviour of the structure, the integrated analysis of
the deformations of the powerhouse has been achieved and has fully confirmed the preliminary
assumption on the growth of concrete being the main source of the deformation.

6. CONCLUDING REMARKS

Deformation analysis is an interdisciplinary subject requiring the knowledge of different fields
and a close cooperation among the related specialists. The Combination of geometrical analysis
and physical interpretaion will contribute greatly to a better understanding of the deformation
phenomena. Research activity in this area is just beginning and more work should be done. This
paper provides the basic concept on the integrated approach to the deformation analysis. Two
practical examples have demonstrated that deformation modelling has been enhanced by
combining the geometrical and deterministic analyses.
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inegrateci aualysis of
deformation surveys at

Mactaquac
By &. Chzmaowrak. Chent Youg-qi. J.M. Scrd. I. Szostak-Cbz -164~ D.G. -Hayward, Gj.
Thompson and Z. Wroblewicz, Professor*. Honrr Research Associatei Instructor-. Research
Assistant*, Director", Project Manager"* and Supvsr of Surveys**

.imd assadial measures have recenty been take. maters and del4alas across the Joint openings andU at the Mlactaquac dame and aussocated stracturas is - structural eracics. Mhe frequency of the repeated mesure-
Canada, to reieve sad controel the long~tena Wedfs mants varies fwom weekly observations with some of the

ofaklioggregate caeac". Is the coacrate; the measums geotedinical inarumeatation to annual meassurments of'
takesn are described In a separate article hsowr supptement the main geodetic monitoring network (IFI. -3). Fig. 2

this 1 moth. pol. This aricle focuses on the generdaeld shows the location of typical instnamenatation used in a
method of deformntiog analysis which wasdeveloped at the cross-secton of the powahouse/intake strueture Several
University of New Uuanswic& (UND) to atady the problems thousands of observations have been collected over the tan
which were occurring. A comaplez maltoring systemt had few years. A detailed description of the monitoring
been implemsented at the scheme. anid the sources and isrm taonand measuring tecniues is given by
quaity of data obtained vauned consddrably. The Wroblewica and co4utl=Or. Since 1966 the Universiy of
Integrated annbri which was developed Provided a unique New flunswick MMND has added observations with the
tool to describe maxtheandeicay the displacesemet fied f~rom satellite Global Posihioing System tOPS to the monitoring
the various type of observed data. schemae. to msonitor regional stsahly.

The Mactaquac generating station (Fag 1) was constructe d _ _ _ _ _ _ _ _ _

on the Saint John rime in the Psovince of New Brunswick.
eastern Canada between 1964 and 1968. It comprises a
rockflhl dam., a sluiceway. a 42 in-high concrete gravity dam
(intake and spillway). and a powerhouse with six generating
units connected to the intake structure by six penstocks. in
the mid-197(k, opening of vertical construction joints was
noticed immnediately downstream from the turbineJ
gene rato blocks in the powerhouse (hg. 2). The joint is
currently open about 30 mm., and shows a steady rate of
expansion of about 3 mum/year at the upper generator .V

floor. deeasming to about I mum/year 12.m below. At the
same time. leakage through horontal Construction joints
in the spillway and intake became evident. In 1985. a longi-
tudinal expansion of the intake and resulting obstruction to .-

the movement of the adjacent spillway gate were observed.
More details on the noted deformations and damage are
given in a paper by Hayward and co-authors'.a I

Numerous theories were put forward to explain theICOII
abnormal structural deformations and behaviour ot the
concrete. particularly in the powerhouse and the intake. At
frust, the theories included regional or local rock move-
ments. tr-ansfer of water load through the penstocks to the
powerhouse. effects of alkali-aggregate reactivity in .Ms
concrete. residual stress and squeee and/or rebound of the
foundation. New Brunswick Electric Power Commission
commissioned a major consulting firm, as well as a Board
of Review comprising international experts, to assist in
analysis of the problems and implementation of remedial

* measures. Alkali-aggregate reaction was determined to be
the prime cause of the deformations.-

To understand better the mechanism and causes of
deformation, an extensive monitoring scheme was
developed which included precision geodetic surveys and
measurements with geotechnical instruments such as multi-
rod borehole extensometers. invar tape atenasometers,
Suspended and inverted plumblines, and various joint

of- (Smwpsing-fAW&*=nN&wE FoAlm
Fv~uffm, M bmuu* £5 US.C - -a h~ Mw ~~.~'Lm~mu~re as 8. Amr-da d", bwarm~
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Generally, in all deformation studies, any type of The 600 MW Mactaquac gewwuti•n stio. showig ithe 30

observa:ion. whether geodetic or geotechnical. ever. if m4cng inzake and spillwaj, struclawr.

scattered in space and time, adds valuable information and

helps provide a better understanding of the deformation described in three-dimensional space if nine deformation

mechanism and subsequent physical interpretation. Each parameters (six strain components and three dirfaanial

type of observation supplies valuable data on particular rotation components) can be determined at each point of

deformation parameters. However, in isolation, none of the object. In addition, components of relative rigid body

the individudal types of measurement gives a full picture of motion between blocks should also be determined if discon-

the behaviour of the structure. the foundation, or the tinuitics exist in the body. These deformation parameters

surroundings. A geotechnical instrument supplies only% cry can be calculated -from well known strain-displaceren;

localized information on only one component of deform- relationships if a displacement function representing the

ation, possibly without correlation to other instrument deformation of the object is known. Thus. the main task of

locations. In addition, the observational accuracies of deformation analysis is to obtain a displacement function

geotechnical instruments do not necessarily correspond to which characterizes the deformation in space and time.

those claimed by the manufacturers. On the other hand. Since. in practice, deformation surveys involve only

geodetic surveys, which are readily evaluated, supply discrete points, then the displacement function must be

overall information on absolute displacements but are approximated through some selected model which fits

comparatively slow, their accuracy is not always sufficient. observation data in the best possible way.

and they do not provide continuous information on the The displacement function can be written in matrix, form

behaviour of the monitored structure. as:

Therefore. the geodetic and geotechnical methods

complement each other and, to take full advantage of all d(*,. y. z . t) = l(x. y. z .t . . (I)

the observations, they should be integrated in a sim-
ultaneous analysis of the deformation. Until a fe" %ears lihfrc !1t\. y, z. t) is the deformation matrix with it,,

ago, such an integrated analysis was not possible because of e-licitt, llbein.c %ome -.elected base functions, and c is thi

the lack of a proper methodology. Between 1981 and 1985. vector of unknown coefficients. A vector Al of changes in

a generalized method for the geometrical analysis of anm t'pe of oh,,ervation,. for instance. changes, in tilts, in

deformation surveys was developed at UNB '' ,"h• h I dist'ncc% o r ii, coordinatei dcri.cd from geodetic surseyN.

allows for the integration of any type of deformation can be espresed mii terms of the displacement function at,:

observations, even if scattered in space and time and ha% ins
configuration defects. AI= ABHc --- (2)

During the summer of 1987. the UNO generalized
method was applied to the analysis of deformations ot the ,here A is the transformation matrix relating the

powerhouse and intake structures at the Nlactaqua,: obserations to the displacements of points at which the

generating station. observations are made:. and B, is constructed from the

aboe matrix It(., y. Z. tl and related to the points included

Deformation analysis in the observabies.
If rcdunditi ob,.er'aitonN are made. tltc clciieent' of fhil

As accepted by the UNB generalized method ol vecitor c 3re determined through a leat %quarc% appln'-
deformation analysis. the deformation of an object in :ull, imaison taOid ilicir %.,iiiit.I %ignificanfce can Irk- -aikulated.
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One tries to find the simplest possible displacemeni analysis and the subsequent final deformation analysis has
function. which would rat to the observations in the been limited to a two-dimensional analysis of only the
statistically best way. cross-sections.

The search for the best deformation model (displacement To undertake an integrated ,nalysis. the spatial
function) is based either on prior knowledge of the correlation of the observations was maintained by
ciptpctd deformatons, or on the qualitative analysis of the describing the locations of all the points or stations of
deformation trend. deduced from all the observations measurement in a common three-dimensional Cartesian
taken together. The latter procedure had to be applied in coordinate system.
the case of Mactaquac. since the cause of defortnatiors had
not been clearly identified.

is carried out in five steps: Evaluation of observations
* evaluation of observations; General remarks
* deformation trend analysis and sclection of a fe All the above-mentioned types of observations have been
possib evaluated for their usefulness in the deformation analysis.
trend and which make physical sense;

least squares fitting of the model or models into the The task was not easy, because the rerults of measure-• iondat andstaistial ermig o themodls;mentu, in addition to the inherent observation and
observation data and statistical testing of the models; instrument calibration errors, were contaminated by
* selection of the best model which has as few coefficients seasonal (thermal) cyclic expans, is of the measured
as possible with as high a significance as possible objects, and changeable thermal expansion of the mec- Fed
(preferably all the coefficients should be significant at •nieal components of the geotechnieal instrumeniuion
probabiftties greater than 95 per cent) and which gives as (particularly the tape and borehole extensometers). Sincesmaull a quadratic form of the residuals as possible; the cyclical nature of the temperature influence has a period
* graphical presentation of the displacement field and the of about one year. at last two years of observations are
derived strain field, needed to take account of this and other deformation

The above steps have been applied to the analysis of trends. Thus, any deformation parameters derived from the
deformations of the powerhouse and intake structures. The observations taken over a time span shorter than two years
present observation scheme in these structures is con- must be treated with caution. Since most of the instruments
centrated in a few cross-sections. Consequently. the trend at the intake/spillway structures had only been installed

recently, the integrated analysis concentraed mainly on the
powerhouse, where the monitoring scheme bad been estab-
lished in the period 1983-1984.

Geodetic surveys
a SO loom A trilateration network (Fig. 3) of 16 referene stations and

several object points on the downstream portion of the
powerhouse and on the top deck of the intake has been
measured annually since 1983. using a Kern Mekometer
ME3000 precision electronic distance meter. In addition.
high precision levelling surveys have been repeated bi-
monthly inside and around the structures connected to deep
benchmarks a few kilometrcs away from the generating
station.

To determine absolute displacements of the object
stations from various combinations of pairs of survey
campaigns, the observation data have been processed
following the steps of the UNB generalizd method in
which the identification of stable reference stations and
displacement trend or object points is obtained through an
iterative weighted transformation.

The calculated horizontal displacements indicated a
systematic downstream movement of the tailrace deck of
the powerhouse at the average rate of 3 mm/year. This
information played an important role in the overall trend
analysis of the deformations.

The levelling surveys were used mainly in the
C301 determination of tilts (changes i, the height differences)

between neighbouring benchmarks within the structures
rather than in the determination of the absolute vertical

sl50 movements of the structures. The latter proved to be

unreliable because of the length of the connecting surveys.

Measurements with geotechnical

CM instrumentation
To distinguish between the seasonal (thermal) expansions

.J Cvodwk Assaft&V a~ww*.of the structures and the actual deformation trend, all theSgeosechnical measurements have been analysed through a
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least squares fit of the cyclic function:

y - a~cosqw) + a~sin•,w) + a,+ 4  . . (3) +I 1- L I i
to the obersvation data. where w - 2r/lI year. and a, is the _ AIg
rate of change of the observation (extension, tilt. I..
inclination, and so on). The values of a, and their standard I - -t-

deviations have beo the most important parameters in the 3 "
deformation analysis. In most cases. particularl in a .-ý .
borehole extensometer and plumbline observations. a very
smooth plot of the observation data and good ratift of the ,----1

cyclic curve has been obtained with standard deviations
smaller than 0.2 mm/year. An example is shown in Fig. 4. as a9 v6

Some problems were encountered with the invar tape - e,-aw -- 6 S, 4 |
extensometer measurements. Most of the tape measure- , oem! _et,
ments in the powerhouse began in 1984. giving a long F . 4- E ko Asta•atnk*g yl u med,
enough time interval to perform a good analysis of the Lefpd .om £auqw jt; .1' */At
thermal effects. However, during this period, the tape was _ea•k #we J M/P.
broken on several occasions, and the tension device was
either repaired or exchanged. Therefore, the results lacked
continuity and included many gaps or slips, which required r -........
a lengthy process of filtering the available data through
last squares estimation of the values of the slips. The slips
have been added to the cyclic function (3) and solved as
nuisance unknown parameters. 7he uncertainty (standard
deviation) of the corrected changes in the distances, has i
been usablished as being about 0.02 mm/m/year. --- * - '--

alsi !1" I',Trend analysis of the _deformation J -
The evaluation of observations has indicated that the
deformations were linear in time, with thei rame fairly
constant. Therefore, the aveange rates of Observation
change could be taken for the spatial tu.d analysis. Fi .
gives an example of rates of deformations (mm/yar)
obtained from a sample of masurements in one cro ss- "
section of the powerhoume.

The absolute displacement of the geodetic points, when
compared with the plumblinc. tei4a.le jointmete and tape
extensometer measurements at the generator turbine floors.
indicates that the powerhouse is expanding nm only down- Ar. S. Amte gef. nien md divi .mms, • tn ma in
stream but also towards the intake. The tape extensometer .w. dod d4omeat &ead betwom amsks I 4. 2.
measurements indicate that the tailrace pan of the structure
expands at a much larger rate than the upstream part of the
powerhouse. Examination of the borehol and tape house (not excluding possible tectonic formes and possible
cxtensometer measurements at lower levels also indicates interaction between the intake and the powerhouse), the
expansion of the foundation concrete both vertically and analysis has arrived at the overall geometrical deformation
horizontally, with the increased rates in the downstream trend as shown by the dashed lines in Fig. 5. Analysis in
portion of the whole structture. They also show that the other cross-sections has confirmed the trend.
foundation bedrock is perhtps stable, unless it mov'es as
one solid block. The levellinL and borehole eztensometer
data indicate an overall uplift and tilt of the powerhouse. Final deformation
The plumblines and jointmeter measurements indicate a llng
possible relative rotation of the blocks separated by the mode
opened joint. As discussed earlier. the goal of the analysis is to find

The deformation trend of the intake and spillway displacement functions which fit statistically into all the
structures could not be analysed fully because most of the observed rates of deformation. Once the function has been
instruments have been installed only recently and the determined. all basic deformation parametr•t such as strain
observation data have not covered at least a whole cycle of components, rotations, and rigid body movements can be
thermal expansion. Therefore, only a very approximate calculated at any desired point of the defomtabte body. The
deformation trend analysis for the intake could be reliability of the displacement function depends on the
performed. hdkih indicates that there seems to be an inter- number of redundant observations and quality of the
action between the deformation of the iitake and the observations which are induded in the deformation
pouvrouse., modelling.

Following the above summarid deduion pr dwe Regarding the powerhouse, it had to be taken into
and locking at 'arious possible forms acting on the power- accoun that the structure is not homogeneous. There is a
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AM. Of.*. .- ,-dwaa- -. t RM volumietric growth of the structures. finsite clanent
______________modelling of the deformsations has been carried out using

FEMMA software developed by Szostak-Chrzanowskil at
the University of New Brunswick. In the analysis, the

asedgrowth of cauct was introduced as initial strain
rates, with the basic rate (deduced from the gcomesrical

' ' 'I /analysis) for solid concrete blocks in the powerhouse beingfl .1equal to 0.2 mm/rn/year. Because of a non-homnogeneous
-- U~ £~ sdistibuionof the steel reinforcement in the structures, a

moo-uniformn expansion of the structures could have been
extpected. Therefore, the input strains in the FUN analysis
have been differentiated from one zone to another by
reducing the basic rate proportionally to the percentage

& 4 41 ( content of the reinforcement steel in concrete. An excllent
W agre:ement has been obtained between the displacement

d ~ fields derived from the FUN and from the geomectrical
analyses.

IOWAWVGWConclusions
AFP1- C I ~dtmIn spite of the complexity involved with the various sue

- - and quality of data. the various locations for observation,
and behaviour of the structure, an integrated analysis of the
deformations of the powerhouse has been achieved.

zone of the masvc concrete foundation, a number -of The: integrated analysis his beeossw l by using the
galleries and othe empty spaces. turbines the Uawer UNm generalize methodm, which provides a unique tool to
puractically empty shell with the roof structure, and. finally deseribe mathem~aticaly the displacement field from
the developed joint openings. Each zone may be mexpced various types of observabcLe. The displacment smodel
to have ddiffra t responses to die force producing th allows for the derivatioua of the strain field which us essenti
defomatiogt. *lbe ltondation bedrock, which may also for subsequent physical interpretation of the deformation.
4anoosrawe a deformation. must be also considered in the 0
deformation modellng.

Being resticood to only about 30 observabics in eac Acknowledgement
i iss- ection of the powerhouse, the dividsio into various Ame anoe fan. the 34ew a Electreic pow..

defrmaionzonsbad to be simplified considerably to Commimon, the tUni'.*y of N4ew Bonowick. and the Ilationd
provide a reasonable redundancy for the accuracy Sineand Eagimeminog Riaencl Comocil of Canada. for
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APPENDIX 7.

COMBINATION OF GEOMETRICAL ANALYSIS WITH PHYSICAL

INTERPRETATION FOR THE ENHANCEMENT OF DEFORMATION
MODELLING
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GEOMETRICAL ANALYSIS OF DEFORMATION SURVEYS

A. Chrzanowski

Y.Q. Chen*
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Abstract

The geometrical analysis of deformation surveys deals with the determination of the
geometrical status of a deformable body - the change of its shape and dimensions. Since
the deformations are usually vey small and at the margin of measuring errors, very carefud
analysis and statistical testing of the results are required. The deformation of a body is
fully described in three-dimensional space if 9 deformation parameters (6 strain
components and 3 differential rotation COmpoetsM) can be determined at each point.
These deformation parameters can be calculated from the well-known strain-displacement
relationships if a displacement function eting the deformation body is known.

A methodology for finding the "best" fitting displacement function has been
developed by the authors, and is known as the UNB Generalized Method. The
Method consists of three basic processes: preliminary idtification of deformation models
through a trend analysis, estimation of the deformation parameters through a least-squares
fitting of selected displacement functions to repeated deformation observations, and the
final selection of the "best" model based on the diagnostic checking of the model and
statistical testing of individual deformation parameters. The Method is applicable to any
type of geometrical analysis, both in space and in time, including the detection of an
unstable area and the determination of strain components and relative rigid body motions
within a deformed object. It allows utilization of any type of surveying data and
geotechnical measurements with configuration defects in the observation scheme.
Computer program DEFNAN helps to aply the generalized method in practice. Examples
of its applications are presented.

*Visiting Professor from Wuhan Technical University of Surveying and Mapping, P.R. of
China (Honorary Research Associate at UNB).



1. Introduction

Expanding exploitation of mineral resources under populated areas, rapid progress

in the development of large and sensitive engineering constructions, and growing interest
in the study of earth crustal movements have all put new demands on the accuracy, survey

methodology, and analysis of deformation measurements.

The instruments and methods of conventional geodetic and photogrammetric

surveys, though still useful in collecting global deformation data, cannot satisfy all the
requirements of contemporary deformation monitoring. Typical requirements are
accuracies in the order of 10-6 and 10-7, continuous monitoring with automatic recording,

and telemetric data acquisition. Special instrumentation for the detection of deformations,
for example, precision tiltmeters, inverted pendula, strainmeters, extensometers,

mechanical and laser alignment equipment, hydrostatic levels and interferometers, is being
used in structural, geotechnical, tectonic, and rock mechanics monitoring.

In order to provide a strong basis of data for any deformation analysis, the surveyor
must employ new technologies and must be able to integrate all types of measurements into
a comprehensive "network" of observables. This compels the surveyor to have a good
understanding of the purpose and the methods of analysis of deformation surveys.

The analysis of deformations deals usually with very small deformation quantities
which are at the margin of measuring errors. Therefore, a very careful accuracy analysis

and statistical testing of the results are required in order to make proper decisions on the
acceptance of the deformation models.

Thus the survey methods, their design and the analysis of the deformation surveys
become very complex. Till now, surveyors have been little, or not at all, involved in the
deformation interpretation which usually has been done by other specialists. Emphasis

must be placed on the danger inherent when the surveyor, whose realm is measurement
processes and the associated errors and statistical considerations, is not able to direct the
interpretation of the data. Often severe misinterpretation regarding a phenomena can occur
if due regard for the "quality" of the data is not given. Certainly no specialist should be the

sole analyst, and it is the interaction of the survey engineer with the data user that should
be encouraged. Thus a strong interaction between the survey engineer and other specialists
who are in charge of the geotechnical, construction, or geophysical project is necessary

during the entire life of a project.

In the past few years, more attention has been paid to the analysis of deformation
surveys than ever before. In 1978, Commission 6 of the F&dMration Internationale des
Gtomirtres (FIG) created an ad hoc committee on the analysis of deformation



measurements under the chairmanship of Dr. Chrzanowski. The main task of the

committee has been to compare different approaches to deformation analysis using the
same measuring data with an ultimate goal to prepare a proposal for guidelines and

specifications for all aspects of deformation analysis, including studies in the following

items:

(1) optimization and design of monitoring networks with geodetic and non-geodetic

observables;
(2) assessment of the observation data, detection of outliers, and systematic errors;
(3) geometrical analysis of deformations;

(4) physical interpretation of deformations, e.g., establishment of load-deformation

relationships.

During the period 1978-1982, membership in the committee was limited to only five
research centres in order to avoid difficulties and delays in the exchange of information and
organization of the working meetings. The five groups, called by the names of their
location (with the names of the original chief investigators in parentheses) were: Delft (J.
Kok), Fredericton (A. Chrzanowski), Hannover (W. Niemeier and H. Pelzer), Karlsruhe
(B. Heck and J. Van Mierlo), and Munich (W. Welsch). After the third FIG symposium
on deformation surveys, which was held in Budapest in 1982, 14 more groups joined the
committee. A full list of the member groups was given in Chrzanowski and Secord
(1983]. At the 1986 XVIII FIG Congress in Toronto, a general theory of deformation
analysis was presented, and the approaches developed by the groups of the committee
were compared in the general theory [Chrzanowski and Chen, 1986].

In these notes, the authors will provide a contemporary methodology for the analysis
of deformation measurements. Due to the space limitations, no detailed derivation of the
formulae will be provided, but references may be consulted.

2. General Background on the Analysis of Deformation Surveys

2.1 General Classification of Deformation Analysis Methods
If acted upon by external forces (loads), any real material deforms, i.e., changes its

dimensions and shape. Under the action of loads, internal stresses (force per unit area) are
produced. If the stresses exceed certain critical values, the material fails (breaks). Thus
the following two aspects of deformation should be distinguished in the analysis of
deformation surveys:

(1) geometrical, if we are interested only in the geometrical status of the deformable
body, the change of its shape and dimensions;



(2) physical, if we want to determine the physical status of the deformable body, the

state of internal stresses, and, generally, the load-deformation relationship.

In the first case, information on the acting forces and stresses and on physical

properties of the body are of no interest to the interpreter or are not available. As a final

result of the geometrical analysis of deformation surveys, usually only relative

displacements of discrete points are given with their variance-covariance matrix. The

geometrical analysis is of particular importance when the deformable structure is supposed

to satisfy certain geometrical conditions, such as verticality or the alignment of some of its

components. In that case, the results of the deformation surveys are directly utilized in an

adjustment of the geometrical status.

In a more refined geometrical analysis, when an overall picture of the geometrical

status is required, the displacement field (or fields) for the entire body is approximated

through a least-squares fitting of a selected displacement function (deformation model) into

the observed displacements, as discussed in Chrzanowski et aL (1983]. The displacement

field may be readily transformed into a strain field through the well-known

strain-displacement relationship.

In the physical analysis of deformations, the load-deformation relationship may be

modelled by using either an empirical (statistical) method, through a correlation of

observed deformations with the observed loads; or a deterministic method, which

utilizes information on the loads, properties of the material, and physical laws governing

the stress-strain relationship.

In this presentation, only the geometrical analysis of deformation surveys will be

discussed. The physical interpretation of deformations will be briefly discussed in another

presentation by Chen and Chrzanowski.

2.2 Classification of Geodetic Monitoring Networks

Generally, in deformation measurements by geodetic methods, whether they are

performed for monitoring engineering structures or ground subsidence in mining areas or

tectonic movements, two basic types of geodetic networks are distinguished [Chrzanowski

et al., 19813:

(1) absolute networks in which some of the points are, or are assumed to be, outside the

deformable body (object) thus serving as reference points (reference network) for

the determination of absolute displacements of the object points (Figure 2.1);

(2) relative networks in which all the surveyed points are assumed to be located on the

deformable body (Figure 2.2).

In the first case, the main problem of deformation analysis is to confirm the stability
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of the reference points and to identify the possible single point displacements caused, for

instance, by local surface forces and wrong monumentation of the survey markers. Once

the stable reference points are identified, the determination of the geometrical state of the

deformable body is rather simple.

In relative networks, deformation analysis is more complicated because, in addition

to the possible single point displacements like in the reference network, all the points

undergo relative movements caused by strains in the material of the body and by relative

rigid translations and rotations of parts of the body if discontinuities in the material

(tectonic faults, for instance) are present. The main problem in this case is to identify the

deformation model. From repeated geodetic observations, it is necessary to distinguish

between the deformations caused by the extension and shearing strains, by the relative

rigid body displacements and by the single point displacements.

3. Deformation Modelling

3.1 Deformation Parameters

The deformation of a body is fully described in three-dimensional space if 9

deformation parameters, 6 strain components and 3 differential rotation components, can

be devermined at each point. In addition, components of relative rigid body motion

between blocks should also be determined if discontinuities exist in the body. These

deformation parameters can be calculated if a displacement function representing the

deformation of the body is known. Denote the displacement function by

F u(x,y,z;t-t,) 1

d(x, y, z; t- to)= I v(x, y, z; t - to) I (3.1)
L w(x,y, z; t- t)J

with u, v, w as the components respectively of the displacement in the x, y, z directions,

which are functions of both position and time. Then the normal strains designating

elongation or compression in the directions x, y, z are calculated from:
EX = auiax , y = avlay , = -w)/z , (3.2)

and the shear strains c!'aracterizing the distortion of the angles between initially

corresponding lines are obtained as

Exy = (aul/ay + ov/Dx) / 2

Exz = (au/az + aw/ax) / 2 (3.3)

Cyz = (aviaz + aw/ay) 12 .



The differential rotations around the x, y, z axes are expressed as

Ox = (v/clz - awfiy) / 2

co)y = (au/Z - )w/ax) / 2 (3.4)

(oz = (au/ly - av/ax) / 2

respectively. In general, the above derived quantities are time dependent and their

derivatives with respect to time provide the strain rate.

Certain functions of these strain parameters, for instance, maximum strain,

dilatation, pure shear, simple shear, and total shear, may also be of interest and their

definitions can be found in, e.g., Sokolnikoff (1956] or Frank ( 19661. Thus the main task

of deformation analysis is to obtain a displaceinent function, which characterizes the

deformation in space and in time.

3.2 Deformation Models

Since, in practice, deformation surveys are made only at discrete points, the

deformatior -,f a body must be approximated through some selected model which fits into
the observatioi. .. in the best possible way. The displacement function (eqn. (3.1)) can

-a expressed in r.n;iAx form as:

d=Bc , (3.1')
where B is called the deformation matrx with its elements being functions of the position

of the observation points and of time, and c is the vector of unknown coefficients to be
estimated. For illustration, examples of typical deformation models in two-dimensional
space are given below.

(1) Single point displacement or a rigid body displacement of a group of points, say,

block B (Figure 3.1a) with respect to block A. The deformation model is expressed

as:

uA=O I vA=O uB=ao and vB=bo, (3.5)
where the subscripts represent all the points in the indicated blocks.

(2) Homogeneous strain in the whole body and differential rotation (Figure 3. 1 b), the

deformation model is linear as
U = Exx + E~xyY - CMy

v = EyX + Ey + Wx (3.6)
where the physical meaning of the coefficients is defined in eqns (3.2) to (3.4) with
(o, in eqn. (3.4) being replaced by co.

(3) A deformable body with one discontinuity (Figure 3. l c), say, between blocks A and
B, and with different linear deformations in each block plus a rigid body
displacement of B with respect to A. Then the deformation model is written as



UA = EXAX + ExyAY"- a)AY

VA = ExyAx + £yAY + COAX (3.7a)

and

UB = ao + exB(x" Xo) + ExyB(Y -Yo) - °B(Y - Yo)

VB = bo + FxyB(X - X.) + -yB(y - Yo) + (0B(x - X.) (3.7b)

where xo, YO are the coordinates of any point in block B.

The components Aui and Avi of a total relative dislocation at any point i located on

the discontinuity line between blocks A and B can be calculated as:

Aui = UB(Xi, Yi) " UA(Xi, Yi) (3.8)

and

Avi = vB(xi, Yi) - VA(XiN, Y) . (3.9)

Y a) b) C)

A,

Figure. 3.1 Typical deformation models.

Usually, the actual deformation model is a combination of the above simple models

or, if more complicated, it is expressed by non-linear displacement functions which require

fitting of higher-order polynomials or other suitable functions.

If time dependent deformation parameters are sought, then the above deformation

models will contain time variables. For instance, in the first model above (eqn. (3.5)), if

the velocity (rate) and acceleration of the dislocation of block B with respect to block A are

to be found, the deformation model would be

uA=0 , VA=O , UB=',ot+iot2 and vB 6ot+6"ot2  (3.10)

and, in the model of the homogeneous strain, if a linear time dependence is assumed, the

model becomes:

u(x, y, t) =- xt + ixyyt - 6oyt (3.11)

v(x, y, t) = ixyxt + tyyt + cixt (3.12)



where the dot above the paramneters indicates their rate (velocity) and the double dot their

acceleration.

3.3 The Functional Relationship Between the Deformation Model and the Observed
Quantities.
Any observation, geodetic or photogrammetric, or geotechnical measurement made

in deformation surveys will contribute to the determination of deformation parameters and

should be fully utilized in the analysis. The functional relationships between different

observable types and the deformation model, defined in eqns (3.1) and (3. '), are given

below using a local coordinate system.

(1) Observation of coordinates of point i, for instance, the coordinates derived from

photogrammetric measurements or obtained using space techniques:

rxi(t 1 r x(O) 1 rui 1
Iyi(t) I = I yi(to) I + Ivi i (3.13)

L zt) J Lzj(tq) J L wiJ

or

ri(t) = ri(to) + di = ri(to) + Bc, (3.13')

where ri is the position vector of point i, and the others are defined in eqn. (2. 1).

(2) Observation of coordinate differences between points i and j, e.g., height

difference (levelling) observation, pendulum (displacement) measurement, and

alignment survey:

r xj(t)-xi(t)1 F x(to) -xi(to)l F uj-ui 1
1 yj(t) - yi(t) I = yj(to)-Yi(to) I + I vj-vi i (3.14)

L zj(t) - zi(t) J L zj(to) - z1(to) J L wj - wi J

or

rj(t) - ri(t) = rj(to) - ri(to) +

+ {B(xj, yj, zj; t-to) - B(xi, yi, zi; t-to)} c . (3.14')

If the components of the displacement obtained from a pendulum observation do not

coincide with the coordinate axes, a transformation to the common coordinate

system has to be performed. Similarly, a coordinate transformation may be required

in alignment surveys which provide a transverse displacement of a point with respect

to a straight line defined by two base points.



(3) Observation of azimuth from point i to point j

Fr uj-. 1

a~j(t) = C%4(t0) + [(-cosj 1 ) / (Sijcos~ij) , (sinczij) I (Sijcospij)] I I (3.15)
L vj - vi J

where Aij and Sij are the vertical angle and spatial distance from point i to point j,

respectively. The observation of a horizontal angle is expressed as the difference of

two azimuths.

(4) Observation of the distance between points i and j:

r uj- u,
Sij(t) = Sij(to) + (cospij sinaj, cosljij coscij , sinpij) I vj - vi . (3.16)

L wj -wi .J

(5) Observation of strain along the azimuth a and vertical angle f3 at point i:

e(t) = e(to) + pT E p, (3.17)
where

pT = (cosp sina, cos5 cosc, sinp)

r aua au/ay au/ia 1
E = I av/ax av/iy av/az I

L aw/ax aw/ay aw/az J

(6) Observation of a vertical angle at point i to point j:

( sinJij sinaýij sinpij coscxij cos13ij ')ruj - ui ( )

P3ij(t)= 3ij(to)+ I , - - I v-vi
•, Sj S ii Sij JLwjwJ

(7) Observation of a horizontal tiltmeter:

"C(t) = r(to) + (aw/ix) sina + (c)wiay) cosca (3.19)
where a is the orientation of the tiltmeter.

In the above formulae, the quantities u, v, w and their derivatives are replaced by the

deformation model which is expliticly expressed in eqn. (3. l'). Thus all the observations

are functions of the unknown coefficients c.



4. Remarks on the Adjustment of Monitoring Networks

As discussed in section 3.3, the deformation parameters can be directly estimated
from the observations. However, if the observation scheme includes a complete geodetic
network (without configuration defect), it is recommended that the whole procedure of
deformation analysis be separated into two parts:
(1) adjustment of the network for each campaign;
(2) fitting of a deformation model into displacements (quasi-observables) calculated

from paired differences in the adjusted coordinates.
The adjustment process provides an opportunity for detecting outliers and systematic

errors in the observations, as well as for the evaluation of the quality of the observations.
Appendices I and II give a brief review on the detection of outliers and on the assessment
of the observations, respectively, using methods developed at LJNB [Chen 1983; Chen and
Chrzanowski, 1985; Chen et al., 1986].

If subjected to the proper transformation (see section 5), the displacements calculated
from the adjusted coordinates give a picture of the deformation pattern and help in the
identification (trend analysis) of the deformation model.

For the sake of completeness in the discussion of deformation analysis, some
remarks on the adjustment of monitoring networks are given below.

Deformation monitoring networks are mostly free networks, suffering from datum
defects. Consider the n-vector of observations I with dispersion measured by Oo2Q in a
monitoring network such that

I+ v = Ayy + AxX, (4.1)
where v is the n-vector.ofresiduals; x is the vector of coordinates of surveyed points; y is
the vector of nuisance parameters, e.g., the orientation unknown for each round of
directions; and Ay, A. are corresponding configuration matrices. The least-squares
criterion leads to the normal equations:

r AyTQ-IAy ATQ-IAt 1 r y I F ATQ-1II1 1

1I I 1 = I I (4.2)
L. Ax TQ-IA ATQ-IAX J L x J L. AxTQ'Q-1 J

Eliminating vector y, one gets
AxrT(Q- - Q'IAy(AyTQl'Ay)'I AyTQ-l1 Ax x =

= AYTQ"1- Q'iAy(A TQIAy)'l ATQ'T ] -11 (4.3)

or, more compactly, as



N x = w . (4.3)

Duc to datum defects in the monitoring network, the coefficient matrix, N, of the normal

equations is singular. Therefore, one must define datum equations to solve for x. Let

DTx = 0 be the datum equations in which the rank of matrix D is equal to the number of

datum defects in the network. Then, the solution of eqn (4.3') becomes

.= N- w X= N_ (4.4)

with

N_ = (N + DDT)I - H(HTDDTH)"I HT. (4.5)

The matrix H generates the null space of matrix N, i.e., NH=O. For example, for a

-triangulation network, matrix H reads as:

FI- o 0 ... 1 0 1
o0 1 0 1 ... 0 1 I

HT= I -yl° X° -Y20  x2°0 ... -xm (4.6)
L xj y1o x2o : y2O ... xmo ymOJ

where xji, yi° are the coordinate cbmponents of point i with respect to the centroid of the
network. For a trilateration network, the last row of HT in eqn. (4.6) disappears.

In the general case of a three-dimensional network consisting of m points, one

expression of matrix H has, for the maximal case of seven datum defects, the structure:

r i 0 0 0 z° -y1°. x 1 l-]
I 0 1 0 -z1 ° 0 x1 ° y 1° [

1 0 0 1 y1° -x10  0 z1°0
0 1 0 . Z1 0 .1 . 1 0

H= I (4.7)

1 0 0 0 zo 0 xo0
0 1 0 -zm0  0 xm°0  Ym°

L o 0 1 Ym0  -Xm0  0 ZMO J (3m)x(7)

where x1°, yj°, and z° are the approximate coordinates of the points in the directions x, y,

and z, respectively, with respect to the centroid of the network. The first three columns of
matrix H correspond to the translation of the network in the directions x, y, z; the second

three columns take care of the rotation of the network at the centroid about the x, y, z axes,

respectively; the last column accounts for the change in scale.



The solution of eqn. (4.3) with respect to the datum DTx.O can also be realized

through a similarity transformation from any solutions (say x,) as

X=SXu , Q =SQ .ST (4.8)

with
S = (I - H(DTH)"l DT) = I - H(HTWH)Il HT W , (4.9)

where W - D(DTD)"l DT The matrix W in eqn. (4.9) can be interpreted as a weight

matrix in the definition of the datum. If all the points in the network are of the same

importance in defining the datum, then W-1 and eqn. (4.8) becomes the inner constraints

solution.

If only some points are used to define the datum, then the other points are given zero

weight. For more details, refer to Chen 11983].

From the adjustment, the a posteriori variance factor 82 is calculated from

Qo2 _ vTQ I; / df, (4.10)

with the degrees of freedom df = (n - uy - ux + d), where v is the vector of estimated

residuals, ux, uy are the numbers of unknown parameters x and y, respectively, and d is

the number of datum defects. When there are k a posteriori variance factors oi2 (i- 1,..,k)

with the degrees of freedom dfi from the adjustment of k epochs of observations, the

pooled a posteriori variance factor can be c2lculated from

ka",2 dfi 02) /(I dfi (411

if the Bartlett test [Bjerhammar, 1973] allows the non-rejection of the null hypothesis Ho:

12 = Y22 =... = Ok2 .

S. Identification of Deformation Models

Generally, the analysis of deformation surveys consists of three basic processes:

(1) preliminary identification of the deformation model;

(2) estimation of the deformation parameters;

(3) diagnostic checking of the deformation models and the final selection of the "best"

model.

Identification procedures are applied to a set of data to indicate the kind of

deformation that warrants further investigation. After a tentative formulation of the

deformation trend, estimates of deformation parameters or the coefficients of the models

are obtained using the least-squares technique. After the parameters have been estimated,

diagnostic checks are performed to determine the adequacy of the fitted model or to indicate

S .. . . . . . ..,, , , ., ., I I I I I



potential improvements. Those three processes necessarily overlap and should be

performed as an iterative three-step procedure.
When the deformation observations arc scattered in time, a simultaneous handling of

all the observations in the deformation analysis may be necessary (see section 6). The

identification of the deformation model in such cases may be difficult unless the model can

be assumed from a priori knowledge of the deformation mechanism. In practice, the

observations are usually grouped in distinct epochs of time. Then performing the analysis

on pairs of epochs is preferred to the direct simultaneous analysis of all the epochs. The

analysis of pairs of epochs has the following advantages:

(1) Single point movement in a reference network does not usually follow certain time

functions and, therefore, the main interest lies in the localization of unstable points

between two epochs of time.

(2) An analyst of deformation measurements is often curious about what happened to

the deformable body between the most recent surveying campaign and the previous

one.

(3) Through the analysis of successive pairs of epochs of observations, the deformation

trend in the time domain will be recognized.

An important step in the analysis of pairs of epochs of observations is to identify the
deformation pattern in the space domain. Moreover, if the deformation is postulated to be

of a linear nature in time, then all the observations made at different epochs of time can be
reduced to the observed rate of change of the observation.

Here, a method developed at the U.S. Geological Survey [Prescott et al., 1981]
should be mentioned. In their method, all the observations of each line in a trilateration

network are plotted against time, and then a linear time function (without precluding the

possibility of nonlinearity) is fitted to each of the plots. The slope of each fitted straight

line is an estimate of the average rate at which the line was changing during the time period

covered by the observations. The standard deviation in the rate is also calculated. Then

the problem reduces to the estimation of the deformation rate. Therefore, analysis of

multi-epoch observations becomes the estimation of the deformation rate. In this case, the

main task is again to identify the deformation pattern in space.

As already mentioned, the selection of deformation models may be based on a priori

information or on trend analysis from the displacement pattern. If a monitoring network

suffers from datum defects, which is usually the case, a method of iterative weighted

transformation (Chen, 1983] can be used to yield the "best" picture of the displacement

field, as discussed below.
When comparing two campaigns, the vector of displacements and its cofactor matrix



are calculated as
d=f 2 " 1 ,+ with a 2 fromeqn.(4.11). (5.1)

Because unstable points are not identified, the displacements calculated from eqn. (5. 1)
may be biased by a pre-selected datum or by a different datum definition in the adjustment
of two campaign observations. A typical example for the latter case is the monitoring
scheme in which a triangulation network was used in the first campaign and a trilateration
or triangulauzemon network in the second campaign.

To overcome this problem, a method of iterative weighted transformation has been
developed., Let d1 and QdI be calculated from eqn. (5.1). The transformation of d I into
another datum is computed from eqns. (4.8) and (4.9) as

dk.l = (I - H(HTWH)"1 HTW) dk = Sk dk - (5.2)
At the outset, the weight matrix W is taken as the identity, then in the (k+l)th
transformation, the weight matrix is defined as

W = diag{lIIdj(k)I1 , (5.3)
where di(k) is the ilk component of the vector dk after the kh iteration. The iterative
procedure continues until the differences between the successive transformed
displacements (i.e., dk÷1 - dk) approach zero. During this procedure, some di(k) may
approach zero causing numerical instabilities because Wi = 1/idj(k)l becomes very large.
Thus, a lower bound is set. When Idj(k)l is smaller than the lower bound, its weight is set
to zero. If in the following iterations the di(k+l) becomes significantly large again, the
weights can be changed accordingly. The method provides a datum which is robust to
unstable reference points giving an unbiased depiction of displacements. In the last
iteration, say (k+lIyh, the cofactor matrix should also be calculated as:

Qdkl = Sk Qd ST (5.4)
Comparing the displacements of each point against its confidence ellipse, one can

identify the reference points which are most probably unstable. The following are two
examples used to illustrate the method.

The first example is a simulated relative geodetic network across a fault line (Figure.
5. 1), where only directions were measured in the first campaign and both directions and
distances were measured in the second. A 200 mm relative movement in the y direction of
block B with respect to Block A was introduced. Without considering measuring errors,
the displacement fields using the proposed method and the method of the inner constraints
solution are portrayed in Figures. 5.2 and 5.3, respectively, coupled with the real
displacement pattern in dashed lines. As one can see, the displacelrient field obtained from
the method of iterative weighted transformation is much closer to the real situation,
compared with the constraint solution.
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In the second example, the method is applied to a dam monitoring network

consisting of a reference network of six stations from which a number of targetted points

on the dam were positioned. The same network in actual conditions is shown in the

example of section 10 (Figure 10.1) A simulated movement in steps of I mm was

introduced to station 5 in the y direction between the successive survey campaigns (total of

11 campaigns). The displacement field coupled with the error ellipses at 95% confidence

level were calculated using the method of iterative weighted transformation and the method

of the inner constraints solution. Table 1 summplarizes the results of the identification of

the points suspected as being unstable because their displacements extended beyond the

confidence region at 95%.

TABLE 1.

Points outside the 95% confidence region after introducing

simulated displacements to station 5.

Suspected Accumulated simulated displacement of station 5 in mm

Unstable point* 1 2 3 4 5 6 7 8 9 10

1 0 0 0 0

2 0

3 0 0 0 0 0 0

4 0 0 0 0 0 0 0
5 XO X0 X0 X0 X0 XO XO XO XO XO

6 0 0

X: using the method of iterative weighted transformation.

0: using the method of the inner constraints solution.

It is clear from Table I that the method of iterative weighted transformation identified

the unstable point correctly, while the method of inner constraints solution declared more

suspected unstable points.

The method of the weighted transformation is flexible. If some points are more

likely to move, a weight of zero is assigned to each of these points during the iterative

process. For example, if the points on one side of a tectonic fault may likely move with



respect to the points *on the other side, then only the points on the one side arc used to
define a datum.

6. Estimation of Deformation Models

Let yi (i=1,2,..., k) be the vector of observations in epoch i, including
quasi-observations (e.g., the coordinates of points from an adjustment of geodetic network
of photogrammetric surveys), geotechnical measurements (using strainmeters,
extensormeters, tiltmeters, etc.), and individual geodetic observations, and Pi be the weight
matrix of yi. The weight matrix for the coordinates of points estimated from eqn. (3.3) is
taken as N, and for the other observed quantities it is taken in the conventional way as the
inverse of the cofactor matrix. Because of datum defects and possible configuration
defects in a monitoring network, the weight matrix Pi is, in general, considered as being
singular [Chrzanowski et aL, 1983]. Determination of the coefficients of a deformation
model, d(x, y, z; t-t1 ) = B(x, y, z; t-tl)c, is'based on the following functional relations:

ry 1 , i r 1 rI 0 1
iy 2  iI I Ix B2  i r 'i
J.J+ jI j= . i i (6.1)

I I II I I I II. ! I 1 I I. I LeJ
Lyk J La J Li J

with weight matrix P = diag{P 1, P2 ...., Pk}, k is the expected value of yl, and bi is a
vector of residuals after fitting the deformation model to the yi; matrix Bi is a function of
the position of points and time. If Yi is the vector of coordinates, then Bi = Bi. If Yi is the
vector of observations rather than of the coordinates of points, Bi = ABi, where matrix A
is the transformation matrix (or configuration matrix) relating the observations to the
coordinates. In order to keep the same population of vector yi in each epoch, dummy
observations with zero weight are put in the place of observations missing in campaign i in
the vector yi. Applying the principle of least squares to model (6.1), the normal equations

read:

/



k k k

i i 2 I I I I i I

I I I I = I I (6.2)

1k k III ik I

L•BiTPi JBiTPifi J L c J L Y-biTPiYi ]
2 2 2

The coefficient matrix of the normal eqns. (6.2) may be singular with rank defects

k
rd { Y Pi } = d (6.3)

I

which is equal to the number of remaining datum and configuration defects not determined

in at least one epoch.

Eliminating 4 from eqn. (6.2) allows the vector c and its accuracy to be calculated

from:

kk k k
S= No'I I -Ziii TPi( ZPi )- ZPiYi] (6.4)

2 2 1 1

and
I.k • .. ..

Cc = 2 Nc'= 2 [ •B=T Pa2[ -iB i "B•Pi( Y-Pi) 7-PB 1  (6.5)
2 2 1 2

To serve as the a priori variance factor ao2, the pooled variance (a posteriori to the

campaign adjustments) factor obtained from eqn. (4.11) is used.

As was already mentioned, an indispensible step in the deformation analysis is the

analysis of pairs of epochs of observations. In this special case, for each pair of epochs.

eqn. (6.4) reduces to:

c ( = (BL•P A¶.BY-TPAy, (6.6)

in which

Ay - Y2 - YJ
PAy = P2 -P 2 (PI + P2)" P2 "

If yi stands for observations Ii, solution (6.6) becomes:

= [BTATPAtAB]I BTATPdI2 - It) (6.7)



with
PW = (Q1 + Q2)"'

This is called the "observation approach." If yi stands for the estimated coordinates xi

from eqn. (4.3), then

= (BTPdB)"l BTPd d , (6.8)
with d = (x2 - x1) and Pd = N I(N I + N2)- N2 - Then it is named the "displacement

approach."

7. Assessment of the Deformation Models

7.1 General Remarks on Statistical Testing

Analysis of deformation surveys involves several tests of hypotheses. Consider the
observation equations:

l=Ax+v , (7.1)
where I is a vector of n observations with-normal distribution and dispersion ao2Q, x is a
vector of u unknown parameters, A is the design matrix (or configuration matrix), v is the
vector of residuals, a0

2 is the a priori variance factor, and Q is a cofactor matrix so that the
observations have a weight matrix P = Q-1. If the null hypothesis Ho : Hx = 1v is to be
tested against an alternative Ha: Hx * w, then the test statistic can be obtained by
imposing the constraints Hx = w on the parameters x. Under the null hypothesis, model

(7.1) becomes:

rI=Ax+v witha 0
2Q

1 (7.2)
[ Hx=w

The acceptance of the null hypothesis at a certain significant level ax is ensured by the

inequality:

T = [((R 1 - Ro) / R,)(df/(dfI - dr))] <_ F(c; df1 - df, dO, (7.3)

or, equivalently,

T'= [(R1-Ro)/R 1)(df 1/(df1-df)] <
5 (dfI F(ct; dfI-df, df))/(df + (dfI-dt) F(a; dfI-df, df)), (7.4)

where Ro and R, are the quadratic forms of the residuals from the adjustment of model

(7. 1) and model (7.2), respectively. The corresponding degrees of freedom are:

df = n- rank{A},

and

/



df= n - rank(A T : .HT} + rank(HT}.

In the practice of hypothesis testing, (RI - Ro) and R. in the statistics (7.3) and (7.4)
can be calculated, depending on the problem at hand, in three different ways (Chen, 1983]:

(i) from separate adjustments of model (7.1) and model (7.2),
(ii) from the adjustment of model (7.1),

R, - Ro = (Hx - w)T (H(AT Q-1 A) 1 HT)"i (Hx - w) (7.5)
(iii) from the adjustment of model (7.2)

R - Ro = JT Q-1 A2 (A2 T Q-' Qv Q-1 A2 )- A2T Q-1 v, (7.6)
where v and Qv are the vector of residuals and its cofactor matrix, respectively, and matrix
A2 generates the space whose union with the solution space of model (7.2) equals the
solution space of model (7.1).

7.2 Assessment and Final Selection of the Deformation Model
The global appropriateness of a deformation model can be tested using a quadratic

function of the residuals 8i in eqn. (6.1) as

k
AR = Y 8iT Pi Si, (7.7)

where the notation has been defined in section 6. The quantity AR follows a chi-squared

distribution with degrees of freedom being

k

dfc= r{Pi} - u + d (7.8)

where u is the dimension of the vector of unknowns (JT: CT) of-eqn. (6.1), r{Pi} is the
rank of matrix Pi, and d has been defined in eqn. (6.3). If the following inequalities hold:

AR < (c,2 X2(dfc; a), (7.9)
when the a priori variance factor is known, or

AR ^ G02 dfc F(dfc, df; a) , (7.10)

when the pooled variance factor is used and df = fI + ... + fi. as defined in eqn. (4.11),

then the deformation model is globally, acceptable at the (1-a) confidence level. When
c=O, the test statistic (7.9) or (7.10) can be regarded as an extension of the global
congrmency test, which originated from Pelzer (1971].

The significance of the individual parameter 'Ci or a group of ui parameters, c, which
is a subset of C, is revealed by testing the null hypothesis Ho: ci=O or ci=O versus the
alternative hypothesis Ha : ci*O or ci0O. Their significances are indicated by

i'2 /(o,2 qii) Z F(l, df; (x) (7.11)

" ' I i i i i l I I



and

A TQc.4 Zi/(o2 u-) > F(ui, df; a) (7.11)

where qii is the id' diagonal element of Q.- and Qci is a submatrix of Qc- If the global test
fails, localization in time domain or in space domain should be performed. Displaying the
residuals will help in improving the model.

Since more than one of several possible models could fit the data reasonably well,
the authors have set the following criteria for selection of the "best model":

(1) the model passes the global statistical test and all parameters are significant beyond

some level of a as 0.10 or 0.05,
(2) if more than one model satisfies the above criteria, then the model with the fewest

parameters is selected.
(3) if no model satisfies the criteria of (1), then physically-based rationale and minimum

error of fit are used.

8. Summary of the Generalized Method of Geometrical Analysis

The presented approach to the geometrical analysis of deformation surveys has been
named by the authors the UNB Generalized Method.

As shown in the previous sections, the method is applicable to any type of
geometrical analysis, both in space and in time, including the detection of an unstable area
and the determination of strain components and relative rigid body motion within a
deformed object. It allows utilization of different types of surveying data and geotechnical
measurements. In practical application, the approach consists of three basic processes:
identification of deformation models; estimation of the deformation parameters; diagnostic
checking of the models and the final selection of the "best" model.

The analysis procedures using the approach can be summarized in the following

steps:
(1) Assessment of the observations using the minimum norm quadratic unbiased

estimation (MINQE) principle (Appendix I) to obtain the variances of observations
and possible correlations of the observations within one epoch or between epochs, if
the a priori values are not available.

(2) Separate adjustment of each epoch of geodetic or photogrammetric observations, if
such are available, for detection of outliers (Appendix II) and systematic errors. If
correlations of the observations between epochs are not negligible, then

simultaneous adjustment of multiple epochs of observations is required.
Step 1 and 2 overlap because the existence of outliers and systematic errors will influence



the estimated variances and covariances and adopted variances and covariances of the

observations will affect outlier detection.

(3) Comparison of pairs of epochs; selection of deformation models based on a priori

considerations and trend analysis from the displacement pattern if such is available

from the observations. If a monitoring network suffers from datum defects, the

method of iterative weighted transformation is used to yield the "best" picture of the

displacement pattern.

(4) Estimation of the coefficients of deformation models and their covariance using all

available information.

(5) Global test on the deformation model; testing groups of the coefficients or an

individual one for significance.

The above three steps should be considered as an iterative three-step procedure, so they

necessarily overlap.

(6) Simultaneous estimation of the coefficients of the deformation model in space and in

time if the analysis of pairs of epochs .of observations suggests that it is worth

doing.
This simultaneous estimation must be performed if the observations are scattered in time.

The iterative three-step procedure is still valid. The possible deformation models can be

selected either based on a priori considerations or by plotting the observations versus time

for trend analysis.

(7) Comparison of the models and choice of the "best" model. Since more than one of

several possible models could fit the data reasonably well, the "best" model is

selected according to the criteria:

(a) the model passes the global statistical test at an acceptable probability;

(b) if more than one model passes the global test, then the model with the fewest

significant coefficients is selected.

(c) if the two above criteria cannot be satisfied, then rationale based on physical

ground and minimal error of fit is used.

(8) Calculation of the desired deformation characteristics and their accuracies from the

parameters of the "best" model.

(9) Graphical display of the deformation model.

A derailed description of the above steps with practical examples can be found in

Secord (1984]. Some applications will be given in case studies presented at this

workshop. The reader is also referred to Chen [1983], Chrzanowski et al. [1983; 1985],

and Chrzanowski and Secord [1983; 1985].



9. Computer Program Cluster "UNB DEFNAN"

The UNB generalized method has been implemented through software developed in
FORTRAN 77 on an IBM 3090 mainframe and on an IBM PC/AT. The cluster of
programs has the same behaviour in either system with the only variations being in file
management and in graphical display. Hence, the following description of the modules is

applicable to either system.
The cluster is most easily described with reference to Figure 9.1 which shows the

arrangement of modules.
Any campaign of measurement, ii, however populated, is utilized. If the

configuration of measured relationships is complete, then an adjustment is performed
resulting in least-squares estimates, *Ri, under explicit minimal constraints in 1, 2, or 3
dimensions. The intention behind "UrNB DEFNAN" has been to remain flexible enough to
accept the estimated coordinates and their variance-covariance matrix from any style of
adjustment program which is then received by module CORDIF.

Following from at least two campaign adjustments are the analysis of trend and the
modelling using coordinate differences, dxs, in program module CORDIF within which
there are several submodules. The first, CORDIFD, initiates the comparison of a pair of
campaigns by creating a set of displacements versus minimal explicit constraints. It is this
upon which the datum independent weighted transformation and modelling are based.
Also, CORDIFD allows the segregation of stations common to the two campaigns or of
only those stations of interest, e.g., only the reference network stations. The displacements
can be readily depicted against their respective ellipses at any desired a level through
graphics packages on either system. The weighted transformation is performed by
submodule CORDIFW producing a datum independent indication of trend which may be
visualized as displacement vectors with ellipses at any specified cx level. Any collection or
arrangement of stations can be considered in the modelling which is done in a very flexible
submodule CORDIFM. Any model can be accommodated, provided that the functional
relationship has been coded. Full statistical testing of the model and its constituents and
any desired characteristics may be derived and their significance levels determined. One
example is linear homogeneous strain for which the basic parameters are EX, EY, EXY, c(
with a possible ao and bo. From this, the maximal and minimal strains, Enax and Emin and
their orientation plus the vector of relative rigid body movement, d with azimuth Ad, would
be derived accompanied by their standard deviations and (1-a) levels.

Circumvention of a campaign adjustment, especially when not allowed by the lack of
a substantial configuration, requires considering the observations themselves. This may be
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readily done through module OBDIF which treats observation differences, dl, in much the

same way as the dx were treated in CORDIF with the additional flexibility of being capable

of dealing with observables other than the customary geodetic angular and linear

measurements. Displacements, dx, can be estimated from the dl in submodule OBDIFD

with results similar to those of CORDIFD, even with configuration and multiple datum

defects associated with totally isolated but repeated observations. The weighted

transformation, dxw, can be obtained through submodule OBDIFW for an indication of

trend. Similarly as in CORDIFM, modelling may be done using the dl in submodule

OBDIFM.

If the trend as indicated through the campaign comparisons would indicate the

feasibility of a model considering all or many campaigns simultaneously, then this may be

accomplished through module SIMSOL. This simultaneous solution can accommodate as

many campaigns as desired with as few as one observation in a* campaign. Rates,

acceleration, and higher-order parameters may be estimated with full statistical assessment

and the analysis of the observations.

Altogether, the program cluster "UNB DEFNAN" provides a flexible and versatile

deformation analysis package which can also be utilized in the preanalysis and design of

deformation monitoring schemes.

10. An Example of a Reference Geodetic Network

A pure triangulation network of 6 concrete pillar reference stations and 10 uniquely

intersected dam crest points (Figure 10.1) was observed twice with 47 directions first and

53 directions in the second campaign. Least-squares estimations of the coordinates, R1,

X2, were made under explicit minimal constraints involving stations 5 and 6 (considered as

"fixed" and errorless) using UNB program GEOPAN (GEOdetic Plane adjustment and

ANalysis). No observation in either campaign was detected as being an outlier under the t

max criterion at 0.95. The pooled variance factor, aY0 2 = 0.95278, had df = 31 degrees of

freedom. With each campaign having the same stations and datum, the observed

displacement components d were obtained through the simple differencing of coordinates,

through module CORDIFD, as
d = A- 1 , (10.1)

with cofactor matrix

Qd=QI+Q2(10.2)

Within the d and Qd are zero elements corresponding to the coordinates of the constraining

stations 5 and 6.
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After the converged iteration of the weighted transformation of d from eqn. (10.1),

the unique, datum independent displacement pattern produced by module CORD[FW using

eqn. (5.2) is shown in Figure 10.2. Obviously, reference station 4 has moved

significantly while the other reference stations remain stable at 0.95.

Having an a, and bi for each object point and also for station 4, and modelling the

block of points 1, 2, 3, 5, and 6 as stable, the deformation model consisted of 22

parameters (i.e., 11 pairs of displacement components) which were estimated using

module CORDIFM and eqn. (6.6). A plot of these displacements and their associated

confidence regions at 0.95 is given in Figure 10.3. With 6 degrees of freedom in the

modelling, the global test on the adequacy of the model was not rejected at 0.95 since:

T2= (oC2) / (002) = 1.7628 < F(6, 31; 0.05) = 2.41

Thus, with the a priori knowledge of the intention of the network serving as a reference,

this model was adopted as appropriate.
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APPENDIX I

DETECTION OF OUTLIERS

There are two concepts of outlying observations in statistics. One is the "mean shift

model," where an outlier has the distribution of N(g + X, a 2) instead of N(14, 02), and the

other is the "variance-infiAtion model" in which an outlying observation is distributed as

N(g, a2 02), a2 > 1, i.e., its variance is larger than expected. Different strategies for

reweighting observations in a least-squares adjustment for detection of outliers are based

on the latter concept. In these notes, only the "mean shift model" will be discussed.

Consider the Gauss-Markoff model (1, Ax, o2Q). Let an n vector of observations I

be partitioned into two groups: 11 and 12 with 11 being of dimension n, and free of

outliers, and 12 being of dimension n2 and containing suspected outliers, denoted by 8.

The mean shift model reads:

r, 1  rvl rA o0 rx 1
1 I + I I. I I I I , (1.1)
L/2 J Lv2 J LA2  I J L8 J

where vi, Ai (i=1,2) are corresponding vectors of residuals and configuration matrices,
respectively. More compac ly, eqn. (1.1) is written as:

I + v = Ax + E8. (.1 ')

If the observations are uncorrelated, i.e., matrix Q is diagonal, model (1) is

equivalent to the observation equations after outlying observations 12 are removed. The

statistical tests on outliers are to confirm, at a certain confidence level (1-a), the null

hypothesis Ho : 5 = 0 versus an alternative one H. : 8 * 0. In the practice of outlier

detection, an adjustment is performed with the original Gauss-Markoff model (1, Ax,

G0
2Q). The least-squares estimation of the residuals and their cofactor matrix is

= [A(ATQ-IA)-' ATQ1 - 111 = M I, (1.2)

and

Qý =Q - A(ATQIA)l AT, (1.3)

respectively. The quadratic form of the residuals

R 1 =,TQ-Iv (1.4)

follows a a0o2X2 distribution with degrees of freedom df = n-rank(A). Introducing vector

6 in model (I. I') will result in a reduction in the quadratic form of the residuals



AR = R o- - %TQ-A2(A2TQ-QQ-IA 2 )-1 A 1.5)
which will be non-centrally 00

2 X2 distributed with degrees of freedom n2 if the nul

hypot is is to be jcted. The quatit AR is statistically independent of (R I-R). If
there art no other suspected outliers in the observations, then (R1 -AR) will follow a central
(Y0 2X2 distribution with degrees of freedom being (df-n2). Confirmation of the suspected
outliers is made:

(i) T1 = 4RMn20o2 Z: F(ct; n2, cc) , (1.6)

if the a priori variance factor 002 is available;
(ii) T2 = AR/n2Zo2 > F(a; n2, df-n2 ), (1.7)

if the a posteriori variance factor (o2 is used and estimated from
62 = (R-,&R) / (df-n2 ); (1.8)

(iii) T3 = AR/n 2eo2 Ž (df F(a; n2 , df-n2 )) / ((df-n2) + F(a; n2 , df-n2)), (1.9)
if the a posteriori variance factor is computed from C2o2 = lqdf.

It is important to point out that the conclusions about outliers using the tests (1.7)
and (1.9) are identical, because expression (1.9) can be derived directly from expression
(1.7).

As a special case, if only one outlier is suspected, say, the ith observation, matrix
A2 in eqn. (1.5) is replaced by vector el, which is an n-vector with a unit value in the ith
position and zeros elsewhere. Then eqn. (L5) is reduced to

ARi = (eiTQ't•)2 / eTQ'Q,QQIei. (1.10)

In addition, if the observations are statistically independent, i.e., matrix Q is diagonal, then
the expression ARi is further simplified as

ARi = *1i2/qvi, (1.11)

where qvi is the ith diagonal element of Q, and vi is the ith component of v. In the case
of one suspected outlier, the statistical tests (1.6), (1.7), and (1.9) become the w-test [Kok,
1984; Baarda, 1968]:

wi= /ti0o2>- F(ca; 1, cc) = n(Wr2), (1.12)
the t-test (Heck, 1981)

ti= 4ARi/(6o2)i > F(ca; 1, df-l) = t(002; df-l), (1.13)
and the r-test [Pope, 1976]

Ti =ARi/.I2 > 4(df F(0; 1, df-l)) / ((df-1) + F(ca; 1, df-1)) = 'r(czI2; df), (1.14)
respectively. 0•o 2 )i in eqn. (. 13) is calculated from

((o2)i _, - AR-df- 1). (1.15)

The r-distribution is not very popular in statistics and no tabulated critical values are
available, but they can easily be calculated by comparing the expressions (1. 13) and (. 14)



as

tc(a/2; dO = f) t(x2); df-l) /I (df-1) + t2(ca2; df-i). (1.16)

Since the statistical tests (1.7) and L9) are equivalent, so are the -r-test and the t-teSL
The difficulty in the detection of outliers lies in the localization of outlying

observations, especially when multiple outliers are present. An efficient strategy has been

developed, and the interested readers are referred to Chen et al. [1986].



APPENDIX 1I
ASSESSMENT OF OBSERVATIONS

In the above discussions, the varance-covariance matrix of the observations or the

weight relationship among the observations is assumed to be known. This, however, may

not be the case in many practices, especially in heterogeneous networks. Assessment of

the observations may have to be performed. The technique of MINQE (minimum norm

quadratic estimation) provides a tool to estimate variance-covariance components.

Consider the linear Gauss-Markoff model (1, Ax, C). Assume that the

variance-covariance matrix, C, can be decomposed as

kC=- X" 0T 1 , (1I.1)

where Ti are known matrices, Oi are variance;-covariance components to be estimated.

Applying the MINQE principle, the e = (01, 02, ..., Ok)T can be estimated from

0 = S"1 q, (1L2)

where the (ij)th element of matrix S is

sij = tr{R Ti R Tj}, (1.3a)

and the ith component of vector q is
qj = IT R Ti R 1, (IL3b)

and

R = C-1 [I - A(AT C"1 A)- AT C-1] . (II.3c)

Since C is unknown, an iterative computation procedure has to be conducted. Let

0 i(o), Vi be the a priori value of 0i, then C in the above formulae is replaced by

k
C(0i) = e 0i(o) Ti

From eqn. (1l.'e), 0 is estimated and used as a priori values in the second iteration. If the

process continues and the solution for 0 converges, the final estimation of 0 is

independent of the selection of a priori values 0j(°), Vi. This technique is called the

iterated MINQE. For a detailed theoretical discussion and application, readers are referred

to Chen (19831 and Chen and Chrzanowski [1985].

/
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Preface

The research work upon which this document is based was made possible by a
research grant from the Research Management Division, Alberta Environment to Dr. W.F.
Teskey, P.Eng., Department of Surveying Engineering, The University of Calgary.

Users of this document will be the Survey Branch and Dam Safety Branch of
Alberta Environment. It is also anticipated that this document will be used by private
survey firms contracted by Alberta Environment to carry out specific deformation survey
projects. Use of this document will ensure a uniform high quality of results for
deformation survey projects regardless of whether Alberta Environment or a private survey

finm performs the work.

The standards and specifications presented in this document cover deformation
surveys carried out by conventional survey methods, photogrammetric survey methods
and GPS (Global Positioning System) survey methods. Since it is possible that two or
even three of these methods might be used together on a particular project, the standards

are based upon the magnitude of a detectable single point movement and thus are
independent of the method applied. For the same reason, the specifications sections are
subdivided primarily according to the procedures required to complete a deformation
survey project rather than according to the survey method.

The specifications for deformation surveys carried out by conventional survey
methods are based upon the author' s experience in a number of deformation survey
research projects. The specifications for deformation surveys carried out by
photogrammetric survey methods are adapted from the following references:

Brown, D. C. (1984). "Tools of the Trade", from 'Close-Range Photogrammetry and
Surveying: State of the Art', Proceedings of a workshop held as part of the
American Society of Photogrammetry and the American Congress on Surveying
and Mapping 1984 Fall Convention, September 9-14, San Antonio, Texas, pages
83-252.

Chapman, M. A. (1986). "Photogrammetric Deformation Measurements", from
'Deformation Measurements Workshop', Proceedings of the Second Workshop
on Modem Methodology in Precise Engineering and Deformation Surveys (PEDS
II), October 31 and November 1, Massachusetts Institute of Technology,
Cambridge, Massachusetts, pages 66-95.

The specifications for deformation surveys carried out by GPS survey methods are adapted

j

. , I,



from the following references:

Hothem, L. D. (1985). "Proposed Revisions to Geodetic Survey Standards and
Preliminary Specifications for Geodetic Surveys Using Relative Positioning GPS ["
Techniques", National Geodetic Survey, Rockville, Maryland, 20 pages.

Rapatz, P. J. V., Craymer, M., Kleusberg, A., Langley, R. B., Quek, S. H.,
Tranquilla, J. and Wells, D. (1987). "Procedures and Specifications for Urban
GPS Surveys", Technical Report Number 131, Department of Surveying
Engineering, University of New Brunswick, Fredericton, New Brunswick, 36
pages.

Wells, D., Beck, N., Delikaraoglou, D., Kleusberg, A., Krakiwsky, E. J.,
Lachapelle, G., Langley, R. B., Nakiboglu, M., Schwarz, K.-P., Tranquilla, J.1
and Vanicek, P. (1986). "Guide to GPS Positioning", Canadian GPS Associates,
Fredericton, New Brunswick, approximately 300 pages.

In describing localization of deformations in the "Analysis of Data" section reference is
made to:

Teskey, W. F. (1988). "Integrated Analysis of Geodetic, Geotechnical, and Physical
Model Daa to Describe the Actual Deformation Behavior of Eanhfill Dams Under
Static Loading", Dr.-Ing. Thesis, Institute for Application of Geodesy to Civil
Engineering, Stuttgart University, Stuttgart; published as a technical report by the
Department of Surveying Engineering, The University of Calgary, Calgary,
approximately 150 pages.

The standards and specifications are currently restricted to the determination of

deformations by the use of multiply-observed deformation survey networks. Other
methods of determining deformaions are not discussed in this documenL These methods

include:
(a) the direct measurement of deformation parameters (e.g. tilt, stain, sawss and so on);
(b) the real time processing of continuously recorded deformation darn;

(c) the structural finite element -method, and,

(d) the integrated analysis of Qcformation measurements (the structural finite element
method rigorously combined with actual deformation measurements).

The transmission of data from remote sites through the use of telemetry is also not

discussed in this document.
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1. Definition of Standards and Specifications

1.1 Standards (definition): the minimum levels of quality required to meet

specific objectives. The quality standards for deformation surveys are the

magnitudes of detectable single point movements with respect to a stable

computational base (datum) in a deformation survey network.

1.2 Specifications (definition): the deformation survey network design,

monumentation, targetting, instrumentation, equipment adjustment,

instrument calibration and adjustment, observational procedures,

preprocessing of data, and analysis of data necessary to meet the required

deformation survey standard, as well as the presentation of results to

document a deformation survey project.

2. The Standards

The first and second order standards for deformation surveys, based

on the magnitude of detectable single point movements, are given on the

following page.
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3. The Specifications

In the specifications, reference is made to (x,y,z) coordinates in a

local system. The z-coordinate is to be interpreted as the height component

which will be:

(a) the local orthometric height if conventional survey observations only,

or conventional survey observations plus photogrammetric survey

observations, are used;

(b)the local Euclidean height if photogrammetric survey observations only

are used; and,

(c) the local ellipsoidal height if GPS survey observations only, or GPS

survey observations plus conventional survey observations and/or

photogrammetric survey observations, are used.

3.1 First Order Specifications

3.1.1 Deformation Network Design

Deformation network design is used to determine network configuration,

observations and instrumentation required to attain the first order or second order standard,

assuming that all other specifications applying to the actual deformation survey are

followed.

It is possible to carry out deformation network design in a completely rigorous

manner just as ordinary network design can be carried out by using the preanalysis option
which is available in most network adjusunent computer program systems. (Deformation

network design can be carried out by a "sensitivity analysis" in which prechosen

movements are tested to determine if they are detectable.) No existing computer program

systems, however, have the capability to perform deformation network design. In the

absence of such computer program systems, the following empirical method, based on

results from about ten deformation survey projects in which the same or similar network

observations were made in each epoch of time, shall be used:

DSPM - 2 * PPP
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with DSPM the ]2etectable Single Point Movement; and.

PPP the Precision of the Point Position.
The PPP is determined as follows:

definition of precision of
Sgoint position

ID (z) Sz

2D (xy) V(Sx2+ y2)

3D (xy,z) 4 (Sx 2 +Sy 2 +Sz2)

with Sx, Sy and Sz the estimated precisions, at the 95% confidence level, of the x, y and z

coordinates respectively. A network is generally less sensitive to a single point movement

of a given magnitude than it is to the same magnitude of movement for a group of points,
thus the magnitude of a detectable single point movement has been used to define the
criteria for first and second order deformation surveys.

It should be noted that ordinary network design as well as deformation network
design is not nearly so critical for networks observed by photogrammetic methods or GPS
satellite methods, as it is for networks observed by conventional survey methods. The
reason for this is that in networks observed by photogrammetric or GPS satellite methods
there are usually a large number of redundant observations covering the entire network.
The result is that network precision, reliability and detectability of movements are
reasonably homogeneous throughout the network. By contrast, in networks observed by
conventional survey methods there can be "weak" areas with respect to precision,
reliability and detectability of movements. However, because deformation network design,
even by the empirical method just described, will produce valid results for design purposes
for a deformation network observed by any method or any combination of methods, the
empirical method shall be applied in all cases.

3.1.2 Monumentation

3.1.2.1 Monument (definition): any structure or device which serves to precisely define
the position of a point in a deformation survey network. In order to accurately represent

possible movements a monument must be stable with respect to the immediately
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surrounding area.

3.1.2.2 Monumented points are classified as follows:

(a) reference points, which are points that are located off the deforming structure, and are

generally "occupied"; and,

(b) object points, which are points that are located on the deforming structure, and are

often unoccupied.

" In the following sections, the reference and object points which are described are to
be used for both levelling observations and horizontal observations in order to eliminate the

need for special types of monumentation suitable for only one of these types of
observations. For this reason, deep bench marks, which are suitable as reference points for
levelling observations only, are not included.

The reference and object points described, if properly installed, can be expected to
have a long term stability of less than 0.5 mm both horizontally and vertically.

3.1.2.3 Reference points in earth shall be founded at a depth equal to at least twice the
depth of frost penetration in the area. (In Alberta a 3 metre depth will be satisfactory in
most cases.) These reference points may be either a steel pipe pile (see Figure 1) or a
cast-in-place reinforced concrete pile (see Figure 2) installed as described below.
(a) A steel pipe pile (nominal diameter 20 cm, wall thickness not less than that for

standard weight pipe) is installed by driving it to "refusal". If refusal occurs at a depth
of less than twice the depth of frost penetration in the area, the pile shall be removed

and another installation attempted at a different location; or, alternately, a reinforced
concrete pile may be installed instead. Steel pipe piles placed in oversized predrilled
holes and backfilled shall not be used as reference points.

(b) A cast-in-place reinforced concrete pile (nominal diameter 20 cm) is installed by first
drilling a hole to the required depth, i.e. at least twice the depth of frost penetration in
the area. A "cage" of longitudinal steel reinforcing bars (ratio of cross-sectional area of

steel to concrete not less than 0.02) and nominal circular steel reinforcing bars is then
placed in the hole, followed by placement and compaction of concrete having a 28-day

compressive strength of not less than 15 megaPascals. Precast reinforced concrete
piles driven into predrilled holes or placed in oversized predrilled holes and backfilled



6

DEFORMATION' Figure 1
SURVEYS

Steel Pipe Pile

Reference Point

stainless steel bolt

8inch diameter IINC

, stainless steel plate

nominal thickness 2cm

steel pipe
nominal diameter 20cm;
wall thickness not less

~ '~'~than that for

standard weight pipe

-Notes
1. Pile driven to "refusal".
2. Pile shall not be installed

in a predrilled hole.

SURVEYING ENGINEERING THE UNIVERSITY OF CALGARY
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DEFORMATION Figure 2
SURVEYS Reinforced Concrete Pile

Reference Point

stainless steel bolt
.. inch diameter IINC

"�-stainless steel plate
% nominal thickness 2cm

1.5m+ . reinforced concrete pile

% % % % % %%nominal diameter 20cm

%I',

S'/2 ,,,,,,,//////// Notes5555% J

"1. Pile cast-in-place.

"2. Steel reinforcing bar "cage"
, % shall have sufficient steel

such that the ratio of the

area of longitudinal steel
, % -, % to the cross-sectional area

of the pile is not less
% % % % %• % % thn0.2''',-,,,,,. than 0.02.
'-,'-' 3. Concrete shall have a 28-day

.',',..%o%,%.1% compressive strength of not
%-;5 less than 15 megaPascals.

"4. Precast piles installed in

predrilled holes shall not
"- '.'' be used.

SURVEYING ENGINEERING THE UNIVERSITY OF CALGARY



8

shall not be used as reference points.
It is preferable, especially if typical lengths of lines of observation are less than 1

kilometre, that a reference point extend above ground level to a convenient height (about
1.5 m) so that equipment can be force centered. For either a steel pipe pile reference point
extending above ground level or a cast-in-place reinforced concrete pile reference point
extending above ground level, a stainless steel plate not less than 2 cm thick is cast into the
top of the pile using a minimum of four steel reinforcing bar anchors welded to the
underside of the plate. In the centre of the plate a short 5/8 inch diameter 1 1NC stainless
steel bolt, on which the survey equipment is force centered, is drilled through and welded
to the plate.

For reference points extending above ground level, that portion of each steel or
concrete pile above ground level shall be insulated with a cylindrical sleeve of insulation
material, having an R value of not less than 10, for the entire period of time during which
survey observations are made. The insulation material can be permanently installed or a
number of portable insulating sleeves of the same size can be used. The purpose of the
insulation material is to eliminate temperature induced pile movements caused by solar

radiation.
For either a steel pipe pile reference point terminating at or slightly below ground

level or a cast-in-place reinforced concrete pile reference point terminating at or slightly
below ground level, a stainless steel tablet and stub is secured to the hardened concrete as
described in section 3.1.2.4. The stainless steel tablet shall have a convex surface (for
levelling observations) and an etched cross (for horizontal observations) at the highest

point of the convex surface.
For reference points terminating at or slightly below ground level, consideration

should be given to protecting the reference point with a cylindrical rim and cover. When
not in use, the cover is buried with a few centimeters of earth in order to eliminate
vandalism. When the reference point is to be used, it can easily be located with a metal

detector.
If it is possible to plan a deformation survey project well in advance of the time first

epoch observations are required, reference points shall be installed in a given year and not
used until the following year. If such advance planning is not possible, reference points
shall not be used for at least one month after installation in order to minimize the effects of
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pile rebound (applicable to both steel and concrete piles) and pile shrinkage (applicable to
only concrete piles).

3.1.2.4 Reference points in rock or concrete shall consist of a stainless steel tablet (as
described in section 3.1.2.3) with a steel reinforcing bar stub of suitable length welded to
the underside. A carbide bit shall be used to drill a hole, approximately 50% larger than the
stub, in sound rock or concrete, and the stub with attached tablet shall be secured to the
rock or concrete using epoxy adhesive to completely fill the void between the stub and the

rock or concrete.

3.1.2.5 Object points in earth shall consist of a nominal 3 metre length of square steel
HSS (hollow structural section) with a nominal side length of 5 cm and a wall thickness
not less than that for standard weight square steel HSS. (See Figure 3.) The base of the
HSS is sharpened by cutting it at a 450 angle. Welded approximately 15 cm from the base
of the pipe is one length of 10 mm thick 20 cm diameter circular helix with a pitch of 7 cm.
Welded to the top of the pipe is a steel plate not less than 5 nun thick. In the centre of the
plate a short 5/8 inch diameter 1 INC steel bolt, on which survey equipment is force
centered, is drilled through and welded to the plate. The HSS object point is drilled into the
ground with the use of a power unit. Consideration should be given to protecting the
threads of the bolt with a cap during the time survey equipment is not attached to the bolt.

3.1.2.6 Object points in rock or concrete may be either a steel bolt, on which survey
equipment is force centered; or a steel insert, into which survey equipment is force
centered. The installation of these two types of object points is described below.
(a) A steel bolt to be used as an object point shall be drilled through and welded to a 5 cm

diameter, 1 cm thick steel plate. A steel reinforcing bar stub of suitable length shall be
welded to the head of the bolt. A carbide bit shall be used to drill a hole, approximately

50% larger than the stub, in sound rock or concrete, and the stub with attached bolt
and plate shall be secured to the rock or concrete using epoxy adhesive to completely
fill the void between the stub and the rock or concrete. Consideration should be given
to protecting the threads of the bolt with a protective cap during the time survey
equipment is not attached to the bolt.
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DEFORMATION Figure 3

S SURVEYs HSS with Helix Base

Object Point

20cm circular helix
1cm thick

steel bolt
inch diameter IINC

steel plate welded to HSS
nominal thickness 5mm

3m+

square steel HSS
(hollow structural section)
nominal side length 5cm;
wall thickness not less

than that for

standard weight HSS
7cm jjc

I 
I 

T UcmN 
I
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(b) Steel inserts designed for installation in rock or concrete are off-the-shelf items.

Several proprietory designs are available but the basic features of steel inserts and the

method of installation are similar regardless of the particular design. To install a steel

insert in rock or concrete, a hole, just slightly larger than the insert, is first drilled into

the rock or concrete using a carbide bit. The hole is cleaned, and the insert is inserted

into the hole. To permanently secure the insert in the hole, a lead plug is driven into the

base of the insert. Because the bottom portion of the insert is slotted in a longitudinal

direction, this action forces the insert against the wall of the hole, permanently

securing it. Steel inserts installed with a horizontal orientation shall have a nominal

diameter of not less than 1/2" (12.7 umn) in order to bear the downward force of a

levelling rod supported at the end of a stainless steel "plug" (see section 3.1.3.6).

Steel inserts installed with a vertical orientation may be of any convenient size larger

than 114" (6.35 mm) nominal diameter. Consideration should be given to protecting

the threads of the insert with a bolt during the time survey equipment is not attached to

the insert.

3.1.2.7 Object points on steel, masonry or other man-made materials shall be designed

such that they are 1mranently affixed. For object points on steel members a short steel

bolt welded to the steel member might be suitable. For masonry or other man-made

materials, a steel bolt, plate and rebar stub, or a steel insert (see section 3.1.2.6) might be

suitable.

3.1.2.8 An identifier (numeric or alphanumeric) shall be stamped in steel at a suitable

location on all reference and object points. A permanent record shall be kept of the

identifier, description, location and condition of each reference and monitoring point.

3.1.3 Targetting

3.1.3.1 Target (definition): any device with a well-defined aiming point which is placed

vertically over, or attached to, a monument for purposes of making measurements to the

point when the deformation survey network is observed. Usually the device is installed

only for the period of time required to make the survey measurements. In some cases the
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monument itself may be a suitable target.

3.1.3.2 Targets for angular measurements (horizontal, vertical or both) shall be:

(a) standard force centered target sets designed for 1" theodolites;

(b) standard force centered target set-prism combinations used with a particular total

station (theodolite and elecn-ooptical distance measurement insmument);

(c) the cenreus of force centered prisms to which electrooptical distance measurements are

made; or,
(d) the monuments themselves.
Target set-prism combinations not matched to a particular total station system shallnob

ued. In addition, target set-prism combinations for total station systems which are

non-coaxial (the same optics are not used for angular and distance observations) shall be

tilting target set-prism cobnations so that the target set and prism can be tilted together to

allow perpendicular alignment to the line of observation (see section 3.1.7.5).

3.1.3.3 Targets for taped distance measurements shall be the monuments themselves.

3.1.3.4 Targets for subtense bar distance measurements shall be the targets permanently
affixed to the ends of standard subtence bars.

3.1.3.5 Targets for distances measured with EDM (electronic distance measurement)

systems shall be the prisms included with the system. Prisms not matched to a particular

EDM system shall not be used.

3.1.3.6 Targets for spirit levelled height difference m e ts shall be the monuments

themselves or, in the case of steel inserts installed with a horizontal rather than a vertical

orientation, the target shall be a stainless steel "plug" about 15 cm long (or longer if

obstructions might be encountered) which is threaded into the steel insert at the time the

measurement is made. The stainless steel plug shall consist of a round bar threaded at one

end. At the opposite end shall be a sphere of slightly larger diameter than the rod. The plug

shall be machined in a lathe from one piece of stainless steel bar. If morn than one "plug" is

to be used on a given project, all "plugs" shall be machined to exactly the same size. A hole

• , .==mmmmin n m nmllU IIIIII II1 11
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shall be drilled through the bar near the sphere so that a small screwdriver can be used to

tighten the "plug" into the insert.

3.1.3.7 Targets for photogrammetric deformation surveys shall preferably consist of a

white dot on a black background. The diameter of the white dot shall be selected to yield an

average diameter of images of about 60 microns. The diameter of the black background

shall be approximately five times the diameter of the white dot.

: Retrotargets (targets made from reflective sheeting such as "Scotchlite"

manufactured by the 3M Company) may also be used in conjunction with a camera

equipped with a ring strobe to illuminate the targets. (Where such a system is used, the

targets will appear as white dots on the photographic media. The same system can be used

in full sunlight or complete darkness.)

3.1.3.8 Targets for GPS (Global Positioning System) deformation surveys shall be the

monuments themselves.

3.1.4 Instrumentation

3.1.4.1 Optical theodolites shall have a telescope magnification of 30X or greater, a plate

level with a sensitivity of 2072mm graduation or better, an AVCC (automatic vertical circle

compensator), and a coincident micrometer reading direct to 1" or less. Electronic

theodolites shall have a telescope magnification of 30X or greater, a plate level with a

sensitivity of 207"2mm graduation or better together with an AVCC, or a tilt sensor or tilt

sensors to automatically compensate for instrument dislevellment together with a circular

level or plate level to roughly level the instrument, and a circle reading system accurate to

3" or less. (An electronic theodolite with a circle reading system accurate to 3" or less is

roughly eouivalent, in terms of precision, to an optical theodolite with a coincident

micrometer reading direct to I" or less. Hereafter, such an electronic theodolite will be

referred to as a nominal I" or better electronic theodolite.)

3.1.4.2 Steel or invar tapes may be used to measure disutnces up to 10 metres.



14

3.1.4.3 Tensioned steel tape, invar tape or invar wire measuring units, which attach

directly to the steel bolt or steel insert of object survey points, if available, shall be used
instead of steel or invar tapes. (The maximum range of these devices is about 30 metres.)

3.1.4.4 Subtense bars may be used to measure distances up to 30 metres.

3.1.4.5 All distances in a conventional survey network which are to be measured and are
longer than 30 metres shall be measured with infrared or laser EDM systems. Distances in
the range of 10 metres to 30 metres may be measured with infrared or laser EDM systems.
No distance less than 10 metres shall be measured with laser or infrared EDM systems.
Microwave EDM systems shallnot beuse. Barometers shall read direct to 2 mm mrmcury
or less. Thermometers shall read direct to IOC or less. It shall not be necessary to measure
any distances with multiple wavelength instruments such as the Terrameter.

3.1.4.6 Spirit levelled height differences shall be measured with the standard precise
levelling equipment: automatic level with telescope magnification of 40X or greater,
compensator having a sensitivity equal to or less than l0"/2mm level vial graduation,
parallel plate micrometer reading direct to 0.1 mm; invar, double scale rod or rods with a
permanently attached circular level and 2 rod supports and with graduations equal to the
range of the parallel plate micrometer; portable steel tumning points. The compensator in the
automatic level shall be a free suspension compensator rather than a mechanical
compensator in order to minimize the effect of electromagnetic fields (see section 3.1.7.6).

3.1.4.7 All survey equipment mounted on tripods shall be equipped with an optical

plummet located either in the instrument itself or in a detachable tribrach.

3.1.4.8 Metal tripods, as well as towers constructed of any material, shall not buused.

3.1.4.9 Only metric cameras shall be used for photogrammetric deformation surveys. (A
metric camera is a camera which has fiducial marks and whose interior orientation
parameters (calibrated focal length, location of the calibrated principal point, calibrated lens
distortion) have been detemined and can be used as approximations in bundle adjustment
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with self-calibration. (See section 3.1.8. 1.) A metric camera also has some device through
which the photographic media may be flattened at the time of exposure.) Usually only one

metric camera, moved from exposure station to exposure station, is used in a

photogrammerric deformation survey project but the use of more than one metric camera is

permissible. Hereafter, however, in all sections relating to photogrammetric deformation
surveys, it will be assumed that only one metric camera will be used in a particular epoch

of deformation survey measurements.

3.1.4.10 The device used to measure image coordinates (monocomparator,

stereocomparator or analytical stereocompiler) for a particular epoch of deformation survey
measurements shall read directly to 1 micron or better.

3.1.4.11 GPS receivers (each of which consist of an antenna, a signal receiver, a
processor and a recording unit) shall be capable of measuring the phase of at least one of
the two GPS carrier frequencies. The receivers shall be capable of tracking at least four
satellites simultaneously. The minimum data sampling rate shall be one sample per minute.
The receivers shall be capable of displaying an indication of proper operation and data
quality. At least one receiver shall be capable of accepting input from an external frequency
standard. Different receiver types shall not be used together in a given epoch nf

deformation survey measurements.

All ontennae shall have the position of the best fit centre of phase variation clearly

marked on the antennae housing. Separate marks shall be indicated for each operating
frequency. The positions of the best fit centre of phase variation marks shall be certified by

the manufacturer as being correct to lmm (Note that for most antennae this will require
that the antennae be oriented correctly in azimuth; see section 3.1.7.9.) The certification

shall be repeated and the marks altered, if necessary, whenever an antenna is repaired or
modified. Different antenna types shall not be used together in a given epoch of

deformation survey measurements.
GPS data is generally recorded on digital cassette tapes or floppy disks. (If any other

type of recording media is to be used, it shall be tested before proceeding to the field.) A
new cassette tape or disk shall be used for each session. In cases in which the recycling of
recording media is necessary, care shall be taken to ensure that all the recorded data has
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been extracted from the tapes, checked and archived.

Data recorders shall be capable of recording, for each data sample, the phase of the
GPS carrier frequency, the receiver clock time and the signal strength. f.
3.1.5 Equipment Adjustment

3.1.5.1 Very few adjustments are possible in 1" or better optical theodolites or nominal 1"
or better electronic theodolites. In addition, all systematic errors due to theodolite
maladjustment or defects in theodolite construction, with the exception of optical plummet
maladjustment, are eliminated or rendered insignificant by proper instrument setup and [
observational procedures. To reduce optical plummet maladjustment to an insignificant
level, optical plummets shall be checked and adjusted, if necessary, each time an epoch of
deformation survey network observations is to be made. If the optical plummet is located
in the instrument alidade, the optical plummet shall be checked by first mounting the
instrument on a tripod and accurately levelling it (see section 3.1.7), then rotating the
instrument through 1800 about its vertical axis. A deviation of the position of the optical
axis of the plummet. as shown by two marks made on a piece of paper fixed to the ground L
Or floor, indicates maladjustmenL If maladjusted, the adjustment shall be corrected to the
midpoint position between the two marks by adjusting screws on either the objective or
reticule of the optical plummet. If the optical plummet is located in the tribrach, it shall be
checked by clamping the theodolite horizontally on a table such that the tribrach is free to
rotate. The tribrach is then rotated through 1800, and any deviation of the position of the
optical axis of the plummet, as shown by two marks made on a piece of paper fixed to a
wall at least 1.5 metres away, indicates maladjustmenL If maladjusted, the adjustment shall
be corrected as described previously. For both optical plummets located in the instrument
alidade and those located in the tribrach, the optical plummets may also be checked by
using auto-collimation with a dish of mercury. In this method the instrument is first
mounted on a tripod and accurately levelled over a dish of mercury. Noncoincidence of the
image of the centre of the plummet objective with the intersection of the cross hairs on the
plummet retcule indicates maladjustmenL If maladjusted, the adjustment shall be corrected f
as described previously, so that coincidence is obtained.

t

I
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3.1.5.2 No adjustments shall be made in steel or invar tapes; instead, they shall be

standardized and the observed distances corrected accordingly.

3.1.5.3 No adjustments shall be made in steel tape, invar tape or invar wire measuring

units; instead, instrumental systematic errors shall be determined by calibration and

standardization procedures and the observed distances shall be corrected for the systematic

errors.

3.1.5.4 The distance between the targets at each end of a subtense bar shall not be

adjusted; instead, this distance shall be determined very accurately by a standardization

procedure.

The longitudinal axis of a subtence bar is set perpendicular to the line between the
observing theodolite and the centre of the subtence bar by an optical sight. This optical

sight is located at or near the centre of the subtence bar;, its optical axis is meant to be

perpendicular to the longitudinal axis of the subtence bar. This condition shall be checked

and, if necessary, the optical axis of the sight shall be adjusted each time an epoch of

deformation survey network observations is to be made. The check shall be made against a

900 angle set out with a 1" theodolite. The 900 angle shall be marked by three points and

the two legs of the angle shall be at least 30 meres long.

3.1.5.5 No adjustments shall be made in barometers, thermometers and EDMI' s

(electronic distance measuring instruments); instead, insummental systematic errors shall be

determined by calibration and standardization procedures and the observed pressures,

temperatures and distances, respectively, shall be corrected for these systematic errors.

In a total station instrument (an EDMI combined with a theodolite) the optical axes of
the EDMI and the theodolite shall be aligned parallel to one another so that separate
pointings are not required for angular and distance measurements. This shall be
accomplished by accurately pointing the total station instrument to its matched target

set-prism combination using the theodolite, and adjusting the mechanical device connecting

the theodolite and EDMI so that the maximum return signal is received by the EDML

3.1.5.6 All systematic errors associated with spirit levelled height difference

2
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measurements, with the exception of maladjustment of the circular levels used to set the

levelling rods vertical, can be rendered insignificant by proper instrument setup and

observational procedures. To reduce the maladjustment of the levelling rods' circular levels
to an insignificant amount, the circular levels shall be checked and adjusted, if necessary.
each time an epoch of deformation network observations is to be made. The check shall be
made in two orthogonal directions, one facing the scale of the levelling rod and the other at
right angles to the first direction, using the string attached to a plumb bob to define the
plumbline. If a circular level is maladjusted, the adjustment shall be corrected by adjusting

the screws fixing the circular level to the levelling rod such that the rod is vertical in two

orthogonal directions when the circular level is centered.

3.1.5.7 The only adjustment which shall be made in tribrachs is the adjustment of the
optical plummet, if the tribrach is so equipped This adjustment is described in section
3.1.5.1.

3.1.5.8 The metric camera used for a particular epoch of deformation survey
measurements shall not be adjusted.

3.1.5.9 The device used to measure image coordinates (monocomparator,
stereocomparator or analytical stereocotnpiler) for a particular epoch of deformation survey

measurements shall not be adjusted.

3.1.5.10 The GPS receivers used for a particular epoch of deformation survey
measurements shall not be adjusted.

3.1.6 Instrument Calibration and Standardization;

GPS Survey Validation

3.1.6.1 Calibration (definition): the determination of instrunmntal constants.
Standardization (defMition): the detemination of the scale of an instrument.
Validation (definition): the confirmation, by comparison of three-dimensional sirvey

network coordinate differences determined by conventional survey methods and GPS
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survey methods, that GPS receivers, procedures and software are capable of meeting first

order deformation survey standards.

3.1.6.2 No calibration or standardization is required in 1" or better optical theodolites or

nominal 1" or better electronic theodolites.

3.1.6.3 Steel or invar tapes shall be standardized at the standardization temperature

(usually 20 0 C) by comparing their lengths to the length of a standard tape that has been

standardized by the National Research Council, Ottawa, or by some other agency which,

like the National Research Council, has an interferometer to make very accurate distance
measurements over short distances (0.1 ppm (parts per million) accuracy over distances up
to 100 metres), and will issue a certificate of standardization. The standard tape shall be
kept in a secure location at normal room temperature and used only for the purpose of
standardizing the length of other tapes or wires. This standardization shall be carried out
each time an epoch of deformation survey network observations is to be made. A
permanent record shall be kept of the actual length of each steel or invar tape at each point
in time at which it was standardized.

3.1.6.4 Steel tape, invar tape or invar wire measuring units shall be calibrated and
standardized at the standardization temperature (usually 200 C) each time an epoch of
deformation survey network observations are to be made. The standardization procedure
shall be the same as that described in section 3.1.6.3, i.e. the steel tape, invar tape or invar
wire in the measuring unit shall be standardized by comparing its length to the length of the
standard tape. The calibration procedure, which can be conveniently carried out in a
"calibration frame" designed by the manifacturer of the steel tape, invar tape or invar wire
measuring unit, determines the additive constant of the instrument. This procedure shall be
carried out at the same time as the standardization procedure. A permanent record shall be
kept of the additive constant and standardization error of each steel tape, invar tape or invar
wire measuring unit at each point in time at which it was calibrated and standardized.

3.1.6.5 The distance between the targets at each end of a subtense bar shall be
standardized by the National Research Council, Ottawa, or by some other agency which,
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like te Natioal Research Council has an interferometer io make very accunrae distance

measurments over short disutnces and will issue a certificate of standardization. This
stand-rdizon procedure shall be carried out once every two year. A permanent record
shall be kept of the acWal dosta between uiac bar targets at each point in uine at
which u was standardizeda

3.1.6.6 Barometers and Uhemomeien shal be calibrated each time an epoch of

e-f n v y netwock obwrAons ame oo be md usig an EDMI. (Standardization
is not necessary because of the relatively narow nap of pressuwes and umperatures
which will be encountered in a given epoch o defrmation survey network observations
using an EDMI) The cabbrauoa shall cousi of the deam iaion of an additive constant

for each baromer and the• omew. The addi €o for a given tbarmeuPe shall be
the difference (to the erestu ) b e e tP e b - aum P r e g and the nading of an
adjacesu mwe my me meto. The anve onMM for a gkVi P' shall be dte
diffeece (Ote eneest 0 0_50C) beenari e hmae -m v aidir a nmdte eadin of an
acetM scie theroueter m d ed udg r-fd wie c . no 0 3°C The preure
Mad Wtmaawe at which 1arwaes-n ma d iPm ,, evvety. we calitmd shall
be -Vp M M el)y he O ne as the F uMw Pe d 1 Fp duu -a womat wmW wen the
epoch defoma=ion surVeynewk oDeariwaom we no be ude usmg an EDML A

pemnentm uecood shall be impt of th w e aditco ý die =qxaaure or pressu at
which it was detcrmined, for eAh Im r and 0 1 m m each poim in ume at
which it was cakbMIM&1

EDMI 's shall be calibaud and sub t = an epoch of deformnazo
Suwv network Obuervans Ls to be =@de. TMw cm km of a EDMi shal include the
determinaton o dte a co and the cy em r. The addinve c•tmut shall be
determined f distanc Mesw in al , imd on a baselim of 5 to 8
sUnoes. The ma&&"==m dismance s" tlbe dto =m m rm of ft EDMI to one prism
1ider fa-r au906shr coldido S Te Cf of i s sal be aaltps of
the mit lengh (mualy 10 m) of die EDMI odw on, mm die effcm of cyclic ens.

The ye commiu sha be coaqmmd by a kem squm s a wbanoicha
(a) the ploperfemmc and weum logical c doms we twde to the distance

ohm a i I
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(b) the ditance ob•u-vadoans awe weighted according to an initial estmate of the standard

deviacno(each distance as given in speo 3.1.9; and.

(c) the addiuive consmm and dte baseline distances beItween successive points are the

unknowns.

S,-thiall not be •ba m • I bine i- lil rties:

(a) ftb t L linc h = e ealb with w ED• M Mue to IVm= (1 gan =ep million or

I m ncr kini or be=. for euik-. a MkM . an_
(b) it can be s Ia a dp VM eM Analysi.s (tee SWgtiko 3.1.91 d&at a naicular baseline

hae m stalae o•r a neuod of a hest2 2as.

The cyclic eror of an EDMi shall be de kr over one twt length (usually 10 m)

of the iatyurnent and a cyclic anor diagram shall be ploted showing the cyclic mwnor

comc-on ves the unit kaL hI deawnwting the cyclic error, the unit length shall be
aly 100 m fto the nmL.

EDMI's shl be madlind by meamriag the actual rpqency osput of tie
nMUM ova da geor 0i(nbm P "I s am whinW he EDMI wW be operzadn in

the Med. A comwuim of th. sactaly freqincy ovW versus the womawnl frequency
upm enables one to ft iMiofmi o heWrl Mw.

For eah EDMW a e md Il l be kept of.
(a) ft addid cFmr.

Mb the cyclic error (owe a ank km*) an&
(c) the -iA&ndim amw (ova a W d ofui• opuamag in mu )

as each poem an am whih the Iicuh ED w. cals mim ai•.d

31.&.7 The collmwa~m inI vowmamdt: leves~ "hl be deumnivd by a Princtn Tent
each ume an epoch o( d•ao adoe =,y wetwork obsvat•os is to be made. A

pautieia w~n hall' AM bep bar cte a~no aim of scac suandc level as cact 'on

In CI at whAth i wm d aibued. WIi addiOM w a I IDe11 Test being p edom P for each

epoch o( deformnnati sa y eawaw k bvn i ,i- a tro-pe test sall be performed

daily. An amoxa ilc l whicP h nqs u ftiq. ctrnsei P of the co•lrudan cn dhll

am. be use&
An average "re co"ed• (6thf bemtI left cak readiog md rih wale

neafag) shall be dkunw.d 48cb ucl s le.veallg nd. The rad con=a dau be

, , i , I II I I IM
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determined indoos using an automaxc level locaued approxmaaely 5 m from the rod. A

tota o(30 left scale and right scale meadgs shall be taken: 10 between 0 m and I m. 10

between I m and 2 m. and 10 between 2 m and 3 m. AU di•reaces shal be averaged to

determine tde rod constanz to 0.01 mm The de- . .aion of the rod constant shall be

carried out owe every yew. A permanen rea A shall be kept of the rod constant of each

precise levelling rod at eah prow in tim at which vt was demmuned.
Precise levelling rods shall be standardaed by the National Research Council.

Ottawa, or sotne other agency which, Like the National Research Council. has an

-naerneoniese to make very accurate distance o emnts over shom distances and will

issue a certificate of standardiation. Tis standardizan procedure shall be carried out

once every two years. A permanent record shall be kep of the uwdarunc error of each
prcie kevell rod a ewh pous m me a whwh u was du

3.1.S The mmc ca•mra used for a pardeuar epoch of deformation survey

onlyshal y be cabebrad by a wsaaI m The ca aion shall be
perfomed annumlly. The ca shall ,& so be ca&itWamd anayticaly using bundle

a4rea w th tww (See nawm 3.1AL .)

3.1.6.9 The devtce used mt measure image coordinates (steseocowparatr.

mConccenj or malyacal e r) fo a Puucalm epoch defu maion survey
shall only be caitwe by a quaWo whakim Me calitation shal be

-orad ainaly.

31.6.10 Prior m any GPS surveys beig tained out a GPS srvey validation (we

section 3.1.6.1) shall be performed as a kast four survey points which include the

mimnim mad imna m poum smp expecod the mesawu Mw locations of the
satiow shall be such tha basebn can be meamred whnc we .. mtely at right

anles oc each o r. (Itis ree-me ded a te svey erwo e ed ford e GPS urvey

validation be he resa s y O ftk (see rwio 3.1.2.2) established for the

deformation survey Ptct.) The validavion shall be considered successful if all

dscepacies betwe coordaam differeas demamined by the GPS survey wd the
con 11-1,09mal survey mwe ms don 2pm of the qwW dimae tow the points in
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question. (At the present time (March 1988) this level of accuracy on the short lines
typically encountered in deformanon surveys (lOOm to Sn) is difcult to attain, especially
for the height component (larger random error due to satellite geometry, possible
sysematic error due to change in local eqwpotntial surface-local elipsoid separation.
unemriy of the locaion of the centre of phase variation, difficulty of measring height of
antenna); howevery, i s expected that in a few years with hardware and software
arnprovemen. and a full consellawon of 18 satellites. this accuracy will be anainable)

3.1.7 Observational Procedures

3.1.7.1 To make agulat r emmila a dwxe h shall 'rim be accuratdy plhubed ove
the occupied pom, other by mw h the mdohb dr•ecdy o the poiw ith a tubrmch (in
the case of a reference poin above gpund level). or by uang a Utpod and Uilacb with
opwial pbmunes (in die cu fa a i rPe i Pm poit at powud leve ai a obj= poin). Optical
teodoltes and elecunc thrndoaino e qwFed wth a tik uw or tik mom shall be
accuiately kvelled mS8 the AVCC To ew that the doodolit has not become
dLslevled durmIn the doeinasal snowar ram mode. t•h AVCC sall be
used to amea=r dask anl cemplenw of the .m if 1 disevelt I s
PIMe thnm H0 the m wn e m shall be repeased In eldoculi dwsdoltm equipped
wd a til ensor or dh tS use , die hadu in da t I clecnani thodobs or the softwa

conoauig th ekeowc thmdbw sh•l e c of au r ls S for the
effect 0o m dinlelt, • ae n all hor m ital anglr uta. after the

tnwument has fim beoo levei widi im cvuoiu' or plat kmlev (Levegang with a cwcuWa
or plast lvel wilw ee thu " I l ke bmg ced fr is ks dma 1 '.) To
ensmv thaft themr mlcuu tmi dod ha b s bew pussly disevece dwring the me the
honzoaal angilat we im e t h amsmI shMll b imermogaed to
deermunie das'keW -m1 an cmpima. of the *a f -1 diaslevekem is great"

tha (f" the o u Ms b -pip Pw
Pwagams "hi te ebwm d by timt faemuta ibe rencuk dm the objecuve lens of

the he•oa

Most I' opia dmdob m w eqwippe with tighag equipment so ftt the
harimI mad vmemn r cPks am be md lm mIrW HL. In ddOles so equippad.
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the lighting equipment (and fully charged batteries) shallalway be used in order to

povide unifom fighting coditio•s.
Very hot or very cold objects and praing lines, which under adverse conditions can

produce large erm in angular -su-a-nss due to laeral refraction, shall be avoided
whenever possible. Where it is n possible to avoid very hot or very cold objects and
grazing lines, he observations which might be affected shall be flagged for future

reference.
Neutnkl atmospheric condioons (cloudy day, slight breeze to thoroughly mix the

loe atmosphere and thus make I uniform) art ben for all types of conventional survey
measurcmnts. including angular a nu with theodolites. If possible. angular
measurements sha be planned for shse days. In addition. when zenith angles ae to be
observed. thy srall be observed. if posiblek betwee 10AM and 3PM when the raw of
chansgto vercaul neuct is usagy mlmolk Malt mangdar mei-i mmon very bot
days shall be avoided. bus if *a is no possibie *e d tde sau" be pxnpfsd from

dac solar sadsad wish an vnrhL
Wben a madolw s bon used w measure zeAh &a s for the purpose of

deterMinig WeSWh difteencess is shal not. if posuible. be operated am external
e)scvMagaenct lla"a III dInd by hog vokWg powem bu& ss largeP is~. large
t-,enI and uiWla aoum. If s Clcumn be a. aU dimnoes measrd fhm
the InfP c5 e point sh" be flqgd for Nowe 6 11 N11 P

"The mummw mssbod speciled fwo A - l Cuvys (I.M for e•a mlAlb
Bureau of Surveying and Mapping SGrey C=ao Bran Sp ciatioes and
Insa s") shall be uaed in observing d o, tdh

lobDismectios a nd t angls
s$an be observed A fusw rimPA In all dml*.V Ifw e exeu of c-umi e tcM c
heo bs wih dsignm d so COnPM u m for conm o ion eror

based on FL (facs lef) and FR (M rtigs) pOmiAP and Mradingp on am urg FL and
FR pomnanp and readinp sMal be nde an aMl Nrgme All hordanul cittl and vera.i
cu.cle redins shall be i i c d masilly (so 0.I) or elecuo ly so d,- propo dam
rduhi:uon canbe cmd i Imr so a nwa -k -me and de x• analysis

Thedulims oar gysI•6@llmu be ed so lcobe, vsoms of Aimuth
becase such ohuvaiawl emot be mi with fciaml a,•ww (mums ver• spe-il
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equipment is used and very special and ti consuming procedures are adopted) such that

they will have an signifiant beneficia effect on deformation analysis.

3.1.7.2 When measung distances with seel or invar wire tapes, the uncorrcted taped

distance (to the mm). the tenpemue of th tape. ft tnsion applied to the tape, the slope

of the tape, the unsupported leng or kngt of the tap and the standardization error of

the tape shall be recorded.
Plumb bobs %hall o be used to plumb a paruticular mark on a tape over a point;

instead, whenever possible, diect point-io-point distances shall be taped. If taping of

direct point-to-point distances is no possible, a uipod and tmxlotoue (with an optical

plummet and AVCC) shall be plumbed and levelled over nc poimn The telescope shal be
po directly a the scond point and the dwwe betw the centre of the trunon a
and the second poim shall be taped. In rmnmS in whic dim is a low obs betwee
the two ponts, two dadabas will be nqured, and f taped distance shall be betw
the cena o( of the rumia am ea dw te two thoodoias.

Each disance msuuI wih a wA or umve tape shall be uasumed indep dently
two separe ==&. by uewmg te u P ID to &C t OIMd

3.1.7.3 When measuring dismws wish wasiied skWe tape invar tape or invar wire
meaumg unts, the uncmium doomnc (to 00 mm). the wempuue of te tap or

wie. fte tension applind to the tae or wur., the slope of the upe. fte unsappowud length
or lengths of tbe tape or wire and the M~in-2 eror of the mpe or wire sMha be
recorded.

Each distance mnsured w*It a I md se tape., uyar tape or invar

measwurging sh al be wunasmd MO y two vvpsu aes by rvestog dte setup
required to UNe the dwsmcI

3A.74 I s i aab e.t 0 " (1or

benow op*Wecaltodoble or no= I' or bew e r n-cua dodkae) "hl ftm be phun*d
and levelled over the pmaw d a am* end of te lie of obwra n. sing the

procedwasdescribed inuscdm 3.1.7.1. The su= bwshal be us peepend-l to fte
line a( obeo VM M ft op*W AghL no ate sub & by the i Ae b at tfte
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theodolite station shall then be measured in four rounds by the reiteration method (see

section 3.1.7.1). In order to be able to reduce the measured distance to a point-to-point

disance, ithe HI (height of instument) and HT (height of target) shall be measured to 0.5 1"
ct with a tape and rerded.

Each distance measured with a subwase bar shall be measured independently two

separate amns, by repeating the setp uuqgW to make the distanc measrm t.

3.1.7.5 To measure distances with an EDMI. the EDMI shal firt be accurately plumbed

over the occupied poin. either by attaching the EDMI directly to the point with a tribrach

(in the case of a reference point above ground level), or by using a tripod and tribrach with

optidc pluumnet (in the cae of a reference point at gu level or an object rnu). if the
EDMI is a sued-alone mm, the u sch into which the EDMI fits shall be levelled with the

plat level or AVCC of AU optical eodo (a 1 eodolite is am necessary). If the
EDMJ is caunAied with an opecal or ocavoic o in a OWl staon sysem, the
sam levelling prun: shal be mud fo EDMI ad theodolise (See mon 3.1.7.1.)

Exmu, variaions in teraran (eg. line of observacm anruss a valley or line of

observatio across a luge body of water), whicit under adverse conditions can produce
large , mit becaue of uniomwn anoqpic piesune and se. nem along the largest
poaion of dt libe o0 observaion. sl be avoided weevem possb Wbere it is mnt
possible t avoid emme vriatieos in im i, th de obeveoios which might be affected
sAWll be flath ed for fun -reference. NemWal atmo~cic MndationM (cloudy day. slight
b r m 0. toughly mix t hoe w a he and ds make i t ,i unifrm) me best for
all types of conveniona, Survey - e luding distance measurements with
EDM A'. If POSSi dism msOIuII m wMth EDMI " shall be made on dmse days.

Wheevem possible an EDM3 shal be operec nam exatral eco gz
fzelds Vradced by high voitage pow=r lies. lare lp a m ue, lag generaors and
sUaNlar OWnpmoL If ft camn be avoided. all dA' e maswed bum e ac pod t
sh"a be flagged far fWt fu rCe.

MefM dism1 INIs we me de wih a EDML &te amment shall be
alowed to wam up fm ft pekr of dtn specified by fte a-ufaMn er. The EDMI shal
also only be operand witis th . of Sm r r 10MPaa 9 specified by the
.mnufacmo (ushay -20C 0 40M aed with nmm wich aw fully chared a the
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beginning of each day during which the EDMI is used.

Pressure and temperature shall always be measured at the instrument station; and, if

the target station is a reference network point (rather than an object point), pressure and

temperature shall also be measured at the target station. Pressure shall be measured at any

convenient location near the station. Temperature shall be measured in a location shaded

from the sun, exposed to the wind, at least 1.5 m above the ground and at least 1.5 m from

the observer and the instrument. The most suitable method of meeting all these conditions

is to measure the temperature with the probe of an electronic thermister attached to the top

of a separate mpod which is shaded from the sun by an umbrella. The temperature display

unit, attached to the probe by a small cord, can be read at any convenient location. The

cCrwcnon for atmospheric conditon shallno be applied at the aine a distance is measured

but rather when the network data is preprocessed (see section 3.1.8), i.e. if the EDMI

a~lows for the atmosplhic correction to be preset. it shall be Fprest to "o.

Prior to a distance being measured with an EDML the prism (or target set-prism
cobnination) at the target station shall be aligned perpendicular (to within 100) to the line

of obervation frma instn mnt station. When measuring tde distance between instument
and target simo, the EDMI shall be pointed at the centr of the prism so that the return
signal smmgth is maximized (In propery adjusted wital station instruments, the EDMI is
pointed at the cenut of the prism when the odoise is accuraey pointed at the target of

the target set -sm combinato.)

Each distance sha be measured and ePaded four" separate times by repointing the

EDMI between each reading,. In order to be able to reduce the set of four uncorreczt
measured dancts from the EDGI to a point-to-point distance or a horizontal distance,
and in cerutain cases to determine height differaces (see section 3.1.7.6). the following

if On`a-o shall be iIe tie

(a) the pressu (wo 2 mm,) and the teuywpm (to l00
(b) the HE (height of EDMI). HP (height of prism), HTH (height of theodolite) and HT

(height of arge) to 05 cm if only distances m required or dte HE and HP to 035 cm
and the HTH and HT to 0.5 tam if both distances and height difference a required

(see section 3.1.7.6); and.

() the zenith angle obs d in four riwda.
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3.1.7.6 The observational procedures for the determination, by means of precise spirit

levelling, of height differences in geodetic networks are well established; see, for example,

"Specifications and Recommendations for Control Surveys and Survey Markers" by

Surveys and Mapping Branch, Energy, Mines and Resources Canada. In this section

precise spirit levelling procedures are modified so that they are suitable for deformation

survey networks.

The observational procedures for the determination, by means of precise spirit

levelling. of height differences in deformation survey networks are as follows:

(a) Only one double scale invar rod shall be used (so that only one "plug", if required, has

to be used; see section 3.1.3.6). unless two rods arm being used to reduce the time

required to observe the network. When one rod is used, the number of setups between
any two points, for which a height difference is required, shall be minimized. When

two rods are used, the number of setups will be minimized as previously described,
under the restiction that themr shall be an even number of setups.

(b) Levelling lines shall only be run in = disection. (Considering the standards for

deformation surveys given in section 2 (see Table 1), this is generally adequate. In

hilly terrain, however, it may be specified that levelling lines shall be run in both

directions to minimize the refraction er. In these cases, the height differees shall

be computed as the means of forward and backward ruis.)
(c) A cloth tape shall be used to balance total BS (backsight) and FS (foresight) distances

between any two deformation survey network points. If these distances cannot be
balanced they shall be recorded so that the height difference can be adjusted for the

collimation error as given by the results of the laes Princeton Test (see section

3.1.6.7).

(d) The levelling rod shall be moved from its BS position to its FS position as quickly as

possible, and the two rod readings in each position shall be made as quickly as

possible.

(e) The maximum length of a line of sight shall be 50 m as long as the rod readings satisfy

the "data screening" criteria (see sectn 3.1.8).

(i) line of sight shallno be less than 0.5 m above the groud.
Neutral atmospheuic conditions (cloudy day, slight breeze to thoroughly mix the

lower atmosphere and thus make it unifema) are best for all types of conventional survey
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measurements, including height difference measurements using precise levelling

equipment. If possible, precise levelling shall be planned for these days. Carrying out

precise levelling on very ho. days shall be avoided but if this is not possible, the automatic

level shall be protected from direct solar radiation with an umbrella.

Whenever possible an automatic level shall not be operated near electromagnetic

fields produced by high voltage power lines, large transformers, large generators and

similar equipment. If this cannot be avoided, all rod readings taken with the automatic level

when it is set up in the affected area shall be flagged for future reference.

All BS and FS readings shall be recorded manually or electronically (to 0.01 umm) so

that proper data reduction can be carried out prior to network adjustment and deformation

analysis.
Height differences can also be determined by one of the methods of trigonometric

levelling; this is referred to briefly in section 3.1.7.5. In all of these methods, however,
there are important accuracy limitations that must be dealt with. These limitations are a

result of:

(a) the accuracy with which HTH (height of theodolite) and HT (height of target) are

determined, and,
(b) continuous changes in vertical refraction.
The limitation associated with item (a) can be minimized by using a standard target (which

allows HT to be determined to about 0.5 mm) and using a level and a metre rule reading

direct to 1 mm to determine HTH (which allows a determination also to about 0.5 mm). A

properly adjusted rod level (see section 3.1.5.6 for the adjustment procedure) shall be used

with the metre rule to ensure that the metre rule is vertical when HTH and HT are

determined. The limitation associated with item (b) can only be minimized by some method

of continuously estimating the coefficient of refraction during the time zenith angles are

observed.

The coefficient of refraction can be estimated by observing the zenith angles at one

or both ends of a line of known length joining two points whose height difference is also

known. This can be accomplished in a deformation survey network by first determining

the height differences between reference network points by a precise spirit levelling

network adjustment involving only reference network points. Lines of observation

between pairs of reference network points ("reference lines") are then chosen such that
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they pass near the centroid of the object points so that representative coefficients of
refraction can be obtained. By combining four rounds of FL and FR measurements of
zenith angle at one or both ends of a given reference line with observations of zenith angles

to object points, good estimates of coefficients of refraction can be obtained. All heights of
objects points with respect to the chosen vertical datum can then be determined by a

minimum of two horizontal angles and one zenith angle (corrected for refraction, as

described above, and earth curvature).

The neutral atmospheric conditions described earlier are best for height difference

measurements using trigonometric levelling; thus, if possible, trigonometric levelling

should be planned for days having these conditions. More importantly, because the rate of

change of vertical refraction is usually smallest between lOAM and 3PM, observations of
zenith angles from which height differences are to be determined shall be made only

between these hours.
If only one theodolite is used on the reference line, difference in height to an object

point from one observation of zenith angle can be determined to about 3 mm on a 200 m
line. If two theodolites are used in a near simultaneous mode on the reference line,

difference in height to an object point from one observation of zenith angle can be
determined to about 1.5 mm on a 200 m line. (In the absence of systematic errors in the
determination of the coefficients of refraction, lower standard deviations of height

difference will be achieved after network adjustMent.) The estimated standard deviation of
the height difference determinations are proportional to the square of the slope distance;
therefore, these standard deviations rapidly deteriorate with longer distances.

3.1.7.7 The metric camera used for a particular epoch of deformation survey
measurements may be mounted on or in any suitable camera platform (e.g. tripod, rolling
height-adjustable camera stand, crane bucket, helicopter, fixed wing aircraft). Itis

extremely important that camera motion at the time of exposw= be minimizedl If the camera

platform is to be a helicopter or a fixed wing aircraft, it is strongly recommended that a
camera with an image motion compensator be used. In a typical application, 5 to 20
exposure stations may be required around the deforming object to get sufficient precision

for the object point coordinates; see section 3.1.1. To ensure that all object point targets are
sharply defined on photographic media (glass plate or metric camera film), experienced
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personnel shall be used to load the photographic media, take the exposures, unload the
photographic media and develop the photographic media.

3.1.7.8 The device used to measure image coordinates (monocomparator,
stcereocomparator or analytical stereocompiler) for a particular epoch of deformation survey
measurements shall be operated by an experienced photogrammetric operator. It is
preferable that the recording of image coordinates be as automated as possible in order to
avoid introducing gross errors into the bundle adjustment with self-calibration. For the
same reason, systems which are capable of automatically driving to and centering on the
image target (e.g. a retrotarget) are preferred over systems in vhich the oparator must

manually center on the image target

3.1.7.9 In using GPS receivers to determine three-dimensional coordinate differences, all
procedures specified by the receiver manufacturer shall be followed.

Quartz crystal receiver oscillators shall be warmed up for 24 hours prior to an
observing session. Atomic oscillators (rubidium vapour cell, cesium beam tube or
hydrogen maser) shall be warmed up for one hour prior to an observing session. An
uninterruptable power source shall be used with the receiver oscillator. For codeless
receivers which must be externally synchronized to UTC (universal time coordinated)
synchronization shall take place before each day of observing.

At each survey point at which GPS survey observations are to be made, the antenna
shall have at least a 5m separation from any object that projects above the horizontal plane
passing through the antenna. Each antenna shall bear a directional mark so that the antenna
can be oriented correctly in azimuth.

Whenever possible the antenna shall be set up such that:
(a) no solid object with an elevation greater than 200 above the antenna will block the

incomning GPS signals; and,
(b) the antenna is not near metallic structures, flat surfaces or electromagnetic fields

produced by high voltage power lines, large transformers, large generators and similar

equipment.
Each survey point at which GPS survey observations are to be made shall be

occupied at least one-half hour before observing is to commence. During this time the
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equipment shall be set up and tested.
Each antenna assembly shall be mounted on a conventional survey tripod using a

tribrach equipped with an optical plumUMeL Each optical plummet shall be checked andi
adjusted, if necessary, each time an epoch of GPS survey observations arm to be made.

(The adjustment procedure is described in section 3.1.5.1.) For each antenna the height of
the best fitting centre of phase variation of the antenna above the survey point (HA) shall
be determined using a level and a metr rule reading direct to Imm. (This will allow HA to
be detennined to 0.5mm-) Separate measurements shall be made, at the beginning and end
of each session, for the HA for each operauing frequency. If a given receiver is to remain at
the same station for more than one observing session, the receiver antenna shall be
repositioned and HA remeasured at the beginning and end of each observing session.

For each observing session, not less than four satellites shall be observed
sim-laneously using at leas dur recivers Saeite observations shall be made in all four
quadrants. Satellites shall only be observed when the HDOP (horizontal dilution of
precision) and VDOP (vertical dilution of precision) values will reach a minimum value of
6 or less sometime during the observing session. Satellites shall not be observed at
elevations less than 200 above the horizon. Each obsing session shall last a minimum of
two hours.

In a deformation survey network in which GPS mrvey observations an to be made.
a GPS receiver shall be permanently stationed (Le. for the duration of the epoch of
measurements) at one of the eference network points (the mas-tr station') and shall
gather data in every observing session. The me masmr station shall be used each time an
epoch of deformation survey network observation ae to be made using GPS receivers. At
all other survey points at which GPS survey observations are to be made, 100% of the
points shall be included in at least two observing sessions and 75% of the survey points
shall be included in at least three observing Msion. For the deformation survey network
as a whole, not less than three baelie sA be nonnecled to each point, and not less than
10% of the baselines shall be repeated baselins with an approximately equal number of
north-south and east-west repeated baseline.

At each survey point at which GPS survey observations am being made, cloud
cover, temperatum pressure and relative humidity shall be rocordad every 30 minutes
during the observing session. Baromews andd PM0retP shall be Calibaxed each time



33

an epoch of deformation survey observatons are to be made using GPS receivers. The

calibration procedure is described in section 3.1.6.

OPS survey observations shall x be made during thunder swrms or during periods

of itense sunspot activity.

A handwrite field log shall be prepared for each set of observations taken in each

observation sesso•. Each fwed log shall include the following inomaon:

(a) project nane.

(b) opewr name;

(c) date (day. month. yer and day o( year);

(d) manufamrer, model and senal number of receiver. antema and data reconer.

(e) station name;

(M session number.

() m me and end me (TfC);
(b) s•aelists observ

(i) height of msemA
(j) ckxod cover. anqrane. pressu and relative humidiry (every 30 minmutes during the

observing session);

(k) site sketch noting all nearby obsmacim€s metallic surfaces, flat surfaces and

elc mapc fidds, and.
(1) eceiver problas

3.1.8 Preprocessing of Data

3.1.8.1 Preprocessing of conventional survey daa shall include:

(a) the screcnrng of dan by applicadon o( a reajetoxn test at the time the observations am
made in rder to reject observid which a t probable oudi and.

(b) the applcation of atmuoupec. inasmm , smandardiatonNo ad geomeoic corrections
so that obsovations can be introduced dixcdy into a survey network adjustment

COMPUM Prp=l SYN
(No gravity conecdons of any type shall be required in deformation survey networks

observed by conva-Wa- - survey medods bamuse such networks ar of limited extet (see

section 2) an Irvity omalies or chmqe in delection of the venical in uch aras are
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almost always very small; and, whatever small systematic errors are produced due to

neglecting the gavity corrections art common to all epochs (the variation of gravity with
time is very very small and similar observations are made in each epoch), thus they will
cancel out when coordinate differences art computed in the deformation analysis.)

Preprocessing of conventional survey data can be done manually or by means of
small field or office computer systems. When the latter are used. it shall not be necessary
to carry out the preprocessing exactly as specified in this section as long as it can be shown

that some form of dam screening has been applied, and that all atmospheric. insruumental.
stardardizaion and geomemc corrections have been properly applied. The use of data

colectors for collecting conventional survey data. especially those which are capable of
preprocessing the data is stongly recoiDe nded.

Ptepocessing of pbotopamueuic stuvey da shall include:
(a) the screening of wated imaep coordinates in order m reject observations which am

-oabl ouiema and,
(b) the deterinatio of three-dimensional object coordinates and the associated

vWraCe-Oara= mmx in a local (x, y. z) coordinate system trough the use of a
SMM pro system for bmwile adjumsu with se'f-ca€ibruion

In the ble aijsunew with self-cal ft de folowing ; -rmePers shal be teated as
Weighg ed W us: folc Ienth. (Y. y) position of the puicipal poin aM coefficients
for r l IOW &sWto asymmetric lens distoron and photgraphic media unflatness.
An esdamted standard deviatio of 2 microns shall be used for all image coordinates.
Because the dsIUnce between the exposures stations and the object an so short in
pho oIpFune deforimno% surveys Nresult in anegligible arm due to atmospheric

Sa o AanoqPhaw reacUon corecdons shall be applied. The earth curvature
corc "shal only be applied to the beight coam t if the phoogramneic survey is
to be coauned with a mrrwendonal u'dk 0PS suvey.

PIeprocessg of GPS survey damn shall include:
(a) the detmiation of three-dimensional Coordinate differences and the associated

varinae-covariance matrix in a local (xay~z) coordinate system for each baseline

obwvmed; and
(b) die screiag o(f ' coordinaz diffiereces for each baseline observed in

afft 1o reject those coodinae di erences which are prbe oudie.
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The corrections which are analogous to the atmospheric, instumeMnal, standardization and
geometric corrections for conventional survey observations are carried out by the GPS

processing software.

3.1.8.2 The foUowing rejection tests shall be applied to angular observations made with a
theodolite:

(a) if a reduced direction differs from the mean reduced direction by more than 2" it shall
be rejected. and the entire set of directions shall be reobserved;

(b) if a reduced zenith angle, which is not being used to compute a height difference,
differs from the mean reduced direction by more than 4" it shall be rejected, and the

entire set of zenith angles shall be rcobserved. and.
(c) if a reduced and corrected zenith angle, which is being used to compute a height

djffeac- differs from the mean reduced and corrected zenith angle by more than 2" it

shall be rejected. and the entire set of zeuth angles shall be robserved.
(In this document a round is defined as one FL and one FR pointing on each toge a set is
defined as a specified number of rounds. More than one set at a staton usually implies
completely independent observations on a different day with a different obser.)

Except in the case of zenith angles which are observed for the purpose of
determining height diffenmces and thus must be corrected for earth curvature and
rfraction, no atmospheric corrections, instrmental corrections (other than those made
internally in electronic thodolie standardizaton corections and geometric corections

are required for angular observations made with a theodolite. (The skew-normal
correctiom the normal section to geodesic correction and the arc-mo-cord corection which
are aWpied to direcdons measined in geodedc networks o( continental extent need never be
applied in a deformation survey network)

3.1.8.3 The fowing rejection test shall be applied to each distance measured with a steel
or invar ape: if the difference between the two independently masurd disances is greater
than 2 mm. both dismnces shall be rejected and the distance reobserved. When this
rejection test has been satisfied, a single uncorrected distance shall be computed as the

mem of the two independently measured disnces
"The folowing corrections shall be applied No a mean uncrected dsn= measured
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with a steel or invar tape:

(a) the correction due to the difference between the temperature of the tape and the

sandardization tempeature of the tape (not applicable for invar uapes);

(b) the correction due to the difference between the tension applied to the tape and the

aadiai tension of the aW,

(c) the conrection due to the unsupported length or lengths of dwe atpe;

(d) the correction due to the slope of the tape (not applicable if point-to-point distances

required); and.
(e) the corection due to the sndarda er of the tape.

3.1.8.4 The following rejection test shall be applied to each distance measured with a steel
tape, invar tape or invar wire measuring unit: if the difference between the two
independey measmud disamnc is pe wtha 0.02 m. both disnces shall be rjected
and the distance robsaved. When this rejection test has been satisfied. a single
uncorrected distance shall be compumd as the mean of the two independen:ly measured
distnces. The cmections applied to a mean uncoreted distance shall be the same as
those given in seon 3.1.8.3.

3.1.85 The rejection tests which shall be applied to distances measured with a subtense
bar are the same as those given in setionn 3.1.8.2. When this rtjection test has been
satisfied for the two independently measured sets of directions, the distances shall be
computed (using the actual length of the subtence bar between the targets rather than the
nominal length), anda c cted for HTH (height of theodolite) and HIT (height of arget) if a

point-to-point distance is requihd. A single dist•ce shall then be computed as the mean of
the two i nependently measured distances

3.1.8.6 The following rejection test shall be applied to each distance measured with an

EDMI: if the maximo. difference among the four independently measured distances is
greater than 5 mm, all distnces dl be rejected and the distance eobseved When this
rejection test has been satisfied. a single uncorrected distance shall be computed as the

mean of the four independently measured distances.
The following coecti shall be applied to a mean uncorrected distance measured
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with an EDMI:

(a) The correction due to the difference between atmospheric conditions at the time the

distance was measured and standard atmospheric conditions. The Barrell and Sears

formula, neglecting the partial water vapour pressure tem which is insignificant for

infrared or laser EDMI 's specified for deformation surveys (see section 3.1.4.5),

shall be applied, using the presssure and temperature measured at the instrument

station (if these measurements were only made at the instrument end of the line) or the

means of the pressures and temperatures measured at the instrument and target station.

(b) The correction due to the additive constant of the EDMI and prism combination.

(c) The correction due to the standardization erro of the EDML

(d) The geometic corrections which include the following:

(i) The correction due to unequal HE (height of EDMI), HP (height of prism). HTH

(height of theodolite) and HT (height of target). (This correction, which is

required whether die distace is reduced to a horizontal distance or a point-to-point

distance by the use of HE, HP, HTH and HT, plus zenith angle orected for earth

curvature and estimated coefficient of reftaction, is especially important for short

dismances and must always be made unless (HE-HTH)=(HP-HT).)

(H) The ate distance to slope distance coneon (This correction can be ignored in

almost all cases since it is only 0.3 am for a 10 km line in averge atmospheric

conditions.)
(iii) The slope distance to horizontal distance correction. (This correction, which can

be applied by using height diffeence determined by spirit levelling plus HE and

HP, or by using zenith angles corrected for earth curvature and coefficient of

reftaction, shall always be applid when bhrtzontal distances we required)
(iv) The horizontal distance at station elevation to horizontal distance at reference

elevation correction. (This correction, which is equal to appoximay 16 mm/kin

for a height difference of 100 nm, shall always be applied.)

3.1.8.7 The following rejection tests shall be applied at each setup of the automatic level:

(a) the difference between the readings on the left scale and right scalc of the rod shall be

within 0.2 mm of the "rod constant" (see section 3.1.6.7); and,

(b) the difference between the height difference computed fom the BS (backsiught) and FS
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(foresight) readings on the left scale of the rod and the height difference computed
from the SS awd FS readings on the right scale of the rod shall not be greater than 0.2
am

When these rejectio tests hav been satisfied, a single heght difference shall be computed
as the man of the heigh differ=~ computed from the left scale reading and, the height
difference computed fMm the right scale readings. This single height difference shall then
be corrected. if necessary. for vertical collimation error. (Fhe commcton is only necessary
if BS and FS distaome have not beeni balance&)

A limbter rejectiott test shall be applied to height diferece observations made with
precise levelling equipment. To apply this rejection test the levelling network shall be
divided into a number of loops in such a way that all height difference observations

btennetwork points are included at least once. The loops may be formed in any
mainner the only restricton us that long narrow loops shall be avoided. A height difference
inisclosmr in a loop shall be ejec tod if it is Ilieam than 0.204(no. of setps). If rejected
loops an ecowunered. furthe loops shall be formed and examined in order to determine
heigh ifterecm btwPý ee points that an commo to loops which have been rejected. This
proc Fedre is often sucssu a P--fiIin locating height dlifference errors. (A common cause is
siniking or rebound of the automatic level tripod between BS and FS readings; thus the

imprtaceo( a stable nesp and quick readings.) Uf such errors are located, the legs in

which the errors occurred shall be reobserved and the. rejection test shall be repeated. if the
amor cannot be lctdby this procedure, they am at the marginally detectable level and
can only be detected by -dam snoopinf (see section 3.1.9).

Fo~r height differenc deeminations by one of the methods of trigonometric
levelling. reje cton ftsis shall be applied an:
(a) the zenith angles , ,m, 'with a dieodormt
(b) fte distances meauw Pd with an EDML and.
(c) dhe derm ination of WHll using a level, a mea rule reading direct to I mm amd a rod

level.
The rejection test applie in (a) is 'esaid in section 3. 1.8.2. The rejection ams applied in
(b) is described in section 38.U6. The following rejection test shall be applied for (c): if
the difference between the two independent de-terminatis af 1TH bs greater than 0.5 mma,
both dePýPmuiiuintons, shall be rejctmed and 11TH shall be determined two mor times. When
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this rejection test has been satisfied., a single HTH shall be computed as the mean of the

two independent deter aton

3.1.8.8 Some form of data screening shall be applied to image coordinates measured with

a monocompanator, stereocomparator or analytical stereocompiler. This data screening.
which preferably is incorporated in data processing software, may be a simple as a

comparson of double measured image coordinates. If this method is applied the maximum

discrepancy shall be 2 microns. When such a discrepancy is encountered both

measurements shall be rejected and the image coordinates shall be remeasurc&d

A further level of data screening, called "data snooping" (see section 3.1.4) shall be

applied after the bundle adjustment with self-calibration has been completed. Data

snooping values shall be computed for all image coordinate observations. The observations
corresponding to all such values which are geter than 4 shal be examined carefully as
possible blunder All observations identified as blunders shall be deleted from the

adjustment and the adjustment shall be rerun.

3.1.8.9 Preprocessing of GPS survey data, as noted in section 3.1.8.1. includes the
derminaton of the-dimmensionsa coordinate differences for each baseline observed and

the screening of dese coordinate differences.
The determialti of dadmmee- nnoal coordinate differences involves:

(a) dam recording of die carrier beat phase observatdon
(b) eiminatio of gross errr in die crrier beat phase obsevtos
(c) detection and reoval of the carier beat phase ambiguides and,
(d) the least squares adjusmnen of the carrier beat phase obevatons to determine the

dthee dimensional coordinate differeacs
Dam recomding is dependent upon the receiver and recording/processing system

used. The elimination of poss errors, which is also dependent upon the receiver and the
recordingprocessing system used, my be done eitr manualy or automaticaly.

The detection and removal of cycle slips may be perfm eiher by-
(a) holding points fixed in the adjustment and manually impecting residuals;
(b) examining the dam for biras and then modelling the dam with a piecewise continuous

polynomial for each satellit or,
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(c) forming receiver-satellite-time triple difference observations to determine point
coordinates and then searching tmple difference residuals to identify large discrepancies

in double differences.
The least squares adjustment of the phase observations to determine the

three-disional coordinme diffenmces way be carried out by the receiver manufacturer s
software or by third party software. The software shall provide observation residuals to

ensure that no systematic errors, such as undetected or wrongly corrected cycle slips,

exist.
Screening of GPS survey data shall be carried out by examining coordinate

difference discrepancies in repeated baselie and loop closures.

For repeated baselines
(a) the coordinate difference discrepancy in any component, with respect to the average

coordinate difference for that compoae, shall not exceed 5a=;
(b) the maximum discrepancy in cPmrdinate difference in any component shall not exceed

(c) the resultant of the coordinate difference discrepancy, with respect to the average
resultant of tde cooadinate differen dasrpnmcy. shall not exceed 5m=

(d) the maximum discrepancy in the Tesultant of coordinate differences shall not exceed

(e) the baseline nth discrepancy, with respect to the average baseline length, shall not
exceed 5om ant.

(f) the maxnum discrqe cy is bas length shall not exceed 5mm.

For loop closure
(a) at least three independem observing sessions shall be represented in each loop;
(b) no m aP than four bselines shall be combined to form a loop;
(c) dte average misckoure in any compoan shall not exceed 5n=
(d) the maximu misosim in any component shall not exceed 20mm;
(e) the average resultant misclomure shall = exceed 5mm;
(f) the aximum mulm misclosm shall uo exceed 20nm;
(g) the rms (root mean square) value of each of the three misciosure components shall not

exceed �M; and,
(h) all of the baselines shall meet the criteria, noted in (a) to (g) inclusive above, for
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inclusion in a loop.

In this section it has been assumed that GPS survey observations produced by the
GPS processing software are in the form of three-dimensional coordinate differences.
Some GPS processing software packages are capable of providing network solutions (i.e.
three-dimensional coordinates x, y, z in a local coordinate system), in addition to or instead
of, baseline solutions (Le. three-dimensional coordinate differences dx, dy, dz). It shall be
acceptable to use such network solutions as long as some form of data screening (e.g.

"data snooping"; see section 3.1.9) has been built in to the software, and residuals (or, if

possible, standardized residuals upon which data snooping is based) are computed for all

of the baseline solutions so that poor GPS survey data can be deleted or down weighted.

3.1.9 Analysis of Data

3.1.9.1 The analysis of data in deformation surveys shall include:
(a) the adjustment of observations made in each epoch in order to determine coordinates of

points and associated variance-covariance matrices plus other information required for
the localization of defomauioa and,

(b) the localization of deformations between chosen epochs in order to determine

statistically significant point moveants.
Adjustment and localization may be carried out by separating the two-dimensional

(horizontal) analyses from the one-dimensional (vertical) analyses; or, three-dimensional
analyses (horizontal and vertical) may be used.

3.1.9.2 The following estimated standard deviations shall be used in adjustments of

conventional survey observatiom-
(a) for directions: 2 arc seconds:

(b) for zenith angles (all tesults in arc seconds):
4 ((2)2 + ( (0.3 * 206265 0 S) / 2R )2)

when simuhlaneous or near simultaneous zenith angles are observed and

conected for earth ctvanmm and mian1 coefficient of refraction;
•4((2)2 + ( (0.6 * 206265 * S) / 2R )2 )

when 1-way zenith angles are observed and corrected for earth curvature and
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cmuted coefficient of refraction; and,

•1((2)2 + ( (1.0 * 206265 * S) / 2R )2 )

when 1-way zenith angles ame observed and corrected for earth curvature and

L coefficient of refraction (value of 0.13 often used);

with S the approximate horizontal distance (kin); and,

R the approximate radius of the earth (6370 Ian);

(c) for distances measured with a steel or invar tape: 2 mnm

(d) for distances measured with a steel tape, invar tape or invar wire measuring unit:

0.02 mm;

(e) for distances measured with a subtence bar (result in amm):
1( 2 * (0.5)2 + (5S2 * 10-3)2)

with S the approximate horizontal distance (m); and,
(f) for distances ured with an EDMI (result in imm):

,/((5)2 + (2S * 10-3)2)

with S3 the aP m s al diMtance (M).
For adjustments involving the combination of conventional and/or OPS survey

observations with photogrammetric survey observations, the phozograietric survey

observations shall be considered to be the three-dimensional coordinates and associated

variance-covauiance matrix in a local (x, y, z) coondinate system which were determine

through bundle adjustment with self-calibratiau The tho*ognem c survey observations

shall be given as previously specified so that the combination of all possible types of

survey data (conventional, phozogzmimeuc, GPS) can easily be accomplished in a survey
network adjustment computer program system.

If only photograinmeric survey observations have been made in a particular

deformation survey project, free network constraints (also referred to as "inner

constraiWs") shall be used to define the dastu. If phonogranietic survey observations are

to be combined with conventional survey oservat.ons, the datum shall be defined by the

constraints to be used in the conventional survey adjustment (see section 3.1.9.5). If
ph.oaMowl c survey observations are to be combined with GPS survey observations

(with or without conventional survey observations), the GPS survey observations shall be

used to define the datum (see below).
For adjustments involving GPS survey obeMrvadons, the observations shall be
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either.

(a) the three-dimensional coordinate differences and the associated variance-covariance

matrix in a local (x, y, z) coordinate system for each baseline observed; or,

(b) the three-dimensional coordinates and the associated variance-covariance matrix in a

local (x, y, z) coordinate system for the entire network.

GPS survey observations shall be given as specified in (a) or (b) above so that the

combination of all possible types of survey data (conventional, photogrammetric, GPS)

can easily be accomplished in a survey network adjustment computer program system.

In any deformation survey network in which GPS survey observations are to be
combined with conventional and/or photogrammetric survey observations, t
observations (x. y. z or dx. dv. dz in a local system) shall be used to define the datum (i.e.
location, orientation. scale). This choice of datum is the most convenient, and will also
ensure that there will be no network distortions which would almost certainly occur if
conventionally determined network coordinates were used to define the datum. The only
exception, at present, to the previous statement is that the z (height) component is more

accurately determined by conventional precise levelling. and, in addition, the GPS height

component and the conventionally determined height component differ by the change in

local equipotential surface-local ellipsoid separation. (This change may amount to Icm/kmn
in mountainous terrain.) Because of the factors, if GPS survey heights are to be used with

heights determined by conventional precise levelling, all GPS survey heights shall be

corrected for change in local equipotential surface-local ellipsoid separation.This correction

shall be determined by fitting a plane to three well-spaced points at which both GPS survey

heights and heights from conventional precise levelling have been determined.

3.1.9.3 The network adjustment computer program system shall compute the following

quantities:

(a) the point coordinates and their associated variance-covariance manrix;

(b) the point error ellipses;
(c) the quadratic form of the residuals;
(d) the total redundancy of the network; and,

(e) the estimated global variance factor ((cY(d)).

If the network adjustment involves only conventional survey observations, the following
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quantities shall also be computed:

(W) the redundancy number of each observation;
(g) the "data snooping" value for each observation;

(h) the quadratic form of residuals for each observation type (Le. directions, zenith angles,
etc.);

(i) the sum of redundancy numbers for each observation type; and,
(j) the estimated variance factor for each observation type ((h)/(i)).

3.1.9.4 The adjustment of observations and localization of deformations shall be
performed in two stages. The first stage shall be the adjustment of observations and
localization of deformations in the reference network. The second stage shall be the
adjustment of observations and localization of deformations in the entire network.

3.1.9.5 In the adjustment of observations in the reference network, all the reference
network points and all the observations directly connecting reference network points shall
be included in the adjustment. Ordinary minimum constaints, or free network constraints
(also often referred to as "inner constuiits), shall be used. Ordinar minimum consraints
for networks in which only conventional survey observatons have been made are:

Z=o ewr ordin=r * *iiu iostrant(s)

ID (z) zof I point fixed
2D (x,y) with distances x and y of I point fixed;

azimuth to 2nd point rfixed"
(standaid deviation of azimuth = 0.1")

2D (xry) without distances x and y of 2 points fixed
3D (x,yz) with distances x, y and z of I point fixed;

azimmuth mad zenith angle to 2nd point "fixed";
zenith angle to 3rd point "fixed"
(standard deviations of azimuth and zenith

angles - 0.1")
3D (x,y,z) without distances x.y and z of 2 points fixed;

x,y or z of 3rd point fixed
For nm ensioal and dmee-dimeaiona netwoks these oadinmy minimum costnaints
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shall be applied to points on opposite sides of the network. If "data snooping" values

(standardized residuals) are computed, the observations corresponding to all such values
which are greater than 4 shall be examined carefully as possible blunders. Special attention

shall be paid to observations flagged for future reference at all time the observations were
made. (See section 3.1.7.) All observations identified as blunders shall be deleted from the
adjustment, and the adjustment shall be rerun. One should expect the estimated global

variance factor (section 3.1.9.3 (d)) and the estimated variance factors for each observation

type (section 3.1.9.3 (i)) to be close to 1. If estimated variance factors for each observation

type are computed and if any are less than 0.5 or greater than 2.0, all of input variances

shall be rescaled by the ratios (estimated variance factor of observation type) / (estimated

global variance factor) and the adjustment rerun. All epochs of observations shall be
adjusted in the same manner with regard to constraints applied, "data snooping" and

rescaling of input variances.

3.1.9.6 For the localization of deformations in the reference network the same minimum

constraints shall have been applied in the two epochs being analysed. The localization of

deformations shall be performed by a global test and a number of local tests (one for each

unconstrained point) of the quadratic forms of the coordinate differences between epochs.

(The localization of deformations is described in Teskey (1988) which is cited in the

Preface.) If ordinary minimum constraints are used instead of free network constraints, the
localization of defo, iration results from several combinations of ordinary minimum

constraints shall be examiner' to ensure the stability of reference points between epochs.

Any reference points which are shown not to be stabl: between epochs shall be excluded

from the reference network.

3.1.9.7 In the adjustment of observations in the entire network, the constraints shall be

either:.

(a) all reference network points, shown to be stable by the procedure described in section

3.1.9.6, fixed; or,
(b) all rference network points, shown to be stable by the procedure described in section

3.1.9.6, forming the free network computational base.
(Application of constraints (a) above will result in the network being slightly
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overconstrained; this, however, will have only a small effect on the deformation analysis

since the stability of these points have been confirmed by the procedure described in

section 3.1.9.6.) Examination of "data snooping" values and rescaling of input variances

for each epoch of observations shall be the same as that described in section 3.1.9.5.

3.1.9.8 For the localization of deformations in the entire network the same constraints

shall have been applied in the two epochs being analyzed. The global test and local tests for

deformation shall be the same as those referred to in section 3.1.9.6. The final results are

apparent movements of all object points (and any excluded reference points), and the

results of the localization test for each of these points which indicate whether or not the

point movements are statistically significant. (If desired, the same localization test can be

applied to movements of groups of points, but it is recommended that this only be done if

one has aprion information that a movement of a group of points might have occurred.)

3.1.10 Presentation of Results

3.1.10.1 The results of each deformation survey project shall be accomoanied by a project

report Any deviations fron the s;perifcations given in this document (e.g. input standard

deviations of observations) shall be descibed in the project report.

3.1.10.2 It shall not be necessary to include the survey observations except when GPS

survey observations have been used. All GPS survey data obtained shall be submitted, on

the original media, with the project repr, along with the complete set of handwritten field
logs (see section 3.1.7.9).

3.1.10.3 The project reort shall include a tabular summary of each network adjustment.

Each such summary shall include:

(a) the consuants applied

(b) the point names;
() the adjusted point coordinaftS to the e a 0.1 mm;

(d) the standard dviations of poin coorinas to the narnest 0. 1 am

( the dimensions of erm bs (at the one smdad deviation vnwel) to the nerst 0.1 mm
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for one-dimensional network point coordinates (same as (d) for one-dimensional

networks), the dimensions of axes of error ellipses (at the one standard deviation level)

to the nearest 0.1 mm plus orientation angle to the nearest 0.1 degree for

two-dimensional network point coordinates and the dimensions of axes of error

ellipsoids (at the one standard deviation level) to the nearest 0. 1 nun plus out-of-plane

angles to the nearest 0. 1 degree for three-dimensional network point coordinates;

(f) the quadratic form of the residuals;

(g) .the total redundancy of the network; and,

(h) the estimated global variance factor ((fY(g)).

If network adjustments involve only conventional survey observations, the following

quantities shall also be included in the tabular summaries of network adjustments:

(i) the redundancy number of each observation;

(j) the "data snooping" value for each observation;

(k) the quadratic form of residuals for each observation type (Le. directions, zenith angles,

etc.);
(1) the sum of redundancy numbers for each observation type and,

(m) the estimated variance factor for each observation type ((k)/Y)).

In network adjustments of conventional survey observations in which systematic errors

(e.g. EDMI additive constant) have been parametrized' the solution for the parameters and
their full variance-covariance matrix shall also be given.

3.1.10.4 The project report shall include a tabular summary of each localization of

deformations. Each such summary sha include:

(a) the consraints applied in the two network adjustments;

(b) the point names;
(c) the apparent displacements to the nearest 0.1i mw and associated directions (with those

statistically significant flagged) to the nearest 0.1 degree; and,

(d) the dimensions of error bars (at the one standard deviation level) to the nearest 0. 1 nmn
for one-dimensional network point displacements, the dimensions of axes of error

ellipses (at the one standard deviation level) to the nearest 0. 1 mm plus orientation

angle to the nearest 0.1 degree for two-dimensional network point displacements and

the dimensions of axes of error ellipsoids (at the one standard deviation level) to the
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nearest 0.1 mm plus out-of-plane angles to the nearest 0.1 degree for

three-dimensional network point displacements.

3.1.10.5 The project report shall include figures with plan or cross-sectional views

showing the outline of the structure, the location of deformation network points and their

names. All reference points shall be denoted by one symbol; all object points shall be

denoted by a different symbol. Movements shall be plotted as vectors with their associated

error bars or error ellipses. Statistically significant movements shall be flagged. Only

displacements between two chosen epochs shall be plotted on a given figure. Displacement

contours shall not be plotted.

The project report shall also include figures showing one-dimensional cumulative

displacements of certain points in certain critical directions versus time. The error bar
associated with each cumulative displacement.shall be plotted with the displacement. Dam
from all deformation analyses performed on the project shall be included. Statistically
significant cumulative displacemnts shall be flagged. (Critical one-dimensional cumulative
displacements might be, for example, movements in the downsiream and vertical directions

of a small number of points on the crest of a dam, or movements in the downhill and

vertical directions of a small number of represenaive points in a slide.)

3.2 Second Order Specifications

The second order specifications contained in the subsequent sections (sections 3.2.1

to 3.2.10 inclusive) are the same as the first order specifications except for relatively minor

changes relating mainly to monumentation, conventional deformation surveys and analysis

of data. This approach is followed because for all types of deformation surveys, and for

photogrammetric deformation surveys and OPS deformation surveys in particular, if less

than a very good network design and less than very good observational conditions are

encountered, the first order standard will not be attained. On this basis the first order
standard should be considered the best attainable using the current state-of-the-art
procedures. and the second order standard should be considered the minimum acceptable.
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3.2.1 Deformation Network Design

Deformation network design will be the same as that described in section 3. 1. 1.

3.2.2 Monumentation

Monumentation shall be the same as that described in section 3.1.2 with the

following exceptions:

(a) The use of insulation material on the above-ground portion of cast-in-place reinforced

concrete piles or steel pipe piles driven to refusal (see section 3.1.2.3) shall not be

necessary.

(b) It shall be permissible to use the HSS with helix base (see section 3.1.2.5) for

reference points in earth instead of cast-in-place reinforced concrete piles or steel pipe

piles driven to refusal

(c) Either one of the following may be used as object points in earth:

0i) the HSS with helix base; or,

0i) nominal 18 mm diameter smooth steel bars.

The bars shall be driven to "refusal" with a large hammer. The bars shall be installed in

1 m long sections using a steel cap to protect the 5/8 inch diameter 1 INC threads as the

sections are driven into the ground. The first section of bar for each installation shall

have a sharp point machined at one end. The sections shall be threaded together and

the threads shall be locked using a quick setting thread sealant or a quick setting epoxy

adhesive. Consideration should be given to protecting the dneads of the last section of

bar with a cap during the time survey equipment is not attached.

3.2.3 Targetting

Targetting shall be the same as that described in section 3.1.3.

3.2.4 Instrumentation

Instrmnentation shall be the same as that described in section 3.1.4.
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3.2.5 Equipment Adjustment

Equipment adjustment shall be the same as that described in section 3.1.5. f
3.2.6 Instrument Calibration and Standardization

Instrument calibration and standardization shall be the same as that described in

section 3.1.6 with the following exceptions:

(a) It shall not be necessary to standardize steel or invar tapes, or the distance between the

targets at each end of a subtense bar.

(b) EDMI scale error may be determined along with additive constant in a baseline

calibration, i.e. it shall not be necessary to determine EDMI scale error by measuring

the actual frequency output of the EDML It shall also not be necessary to determine the

EDMI cyclic error.
(c) A "rod constant" shall be determined at the beginning of a deformation survey project

from five left scale and right scale readings taken between I m and 2 m. The same "rod

constant" for a given rod shall be applied throughout the project. It shall not be

necessary to keep a permanent record of the "rod consmnt". It shall also not be

necessary to standardize each precise levelling rod.

3.2.7 Observational Procedures

Observational procedures shall be the same as those described in section 3.1.7 with

the following exceptions:

(a) It shall not be necessary to use lighting equipment in theodolites or subtense bars.
(b) It shall not be necessary to use umbrellas to shade instruments from direct solar

radiation.

(c) It shall not be necessary to observe zenith angles, from which height differences are to

be determined, only between 10AM and 3PM.

(d) It shall not be necessary to measure pressure and temperature at both ends of a line

being measmud with an EDMI, ie. in all cases it shall only be necessary to measure

pressure and temperature at the insmmtent station.
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(e) It shall not be necessary to use two theodolites in a near simultaneous mode to

determine height differences from zenith angle observations.

3.2.8 Preprocessing of Data

Preprocessing of data shall be the same as that described in section 3.1.8 with the

following exceptions:

(a) The following rejection test shall be applied to all angular observations made with a

theodolite (directions and zenith angles): if a reduced angular observation differs from

the mean reduced angular observation by more than 4", the angular observation shall

be rejected and the entire set of angular observations reobserved.

(b) The following rejection test shall be applied to each distance measured with a steel or
invar ape: if the difference between the two independently measured distances is
greater than 5 mm, both distances shall be rejected and the distance reobserved.

(c) The following rejection test shall be applied to each distance measured with a steel
tape, invar tape or invar wire measuring unit: if the difference between the two
independently measured distances is greater than 0.05 umn, both distances shall be

rejected and the distance reobsenved.
(d) The following rejection test shall be applied to each distance measured with an EDMI:

if the maximum difference among the four independently measured distances is greater
than 8 mm. all the distances shall be rejected and the distance reobserved.

(e) The following rejection tests shall be applied at each setup of the automatic level:

(i) the difference between the readings on the left scale and the right scale of the rod

shall be within 0.3 mm of the "rod constant" (see section 3.2.6); and,

(ii) the difference between the height difference computed from the BS (backsight)
and FS (foresight) readings on the left scale of the rod arid the height difference
computed from the BS and FS readings on the right scale of the rod shall not be

greater than 0.3 mm.
It shall not be necessary to apply any further rejection tests to spirit levelled height

difference measurements.
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3.2.9 Analysis of Data

Analysis of data shall be the same as that described in section 3.1.9 with the - -

following exceptions:

(a) The following estimated standard deviations shall be used in the adjustments of

conventional survey observations: F
(i) for directions: 3 arc seconds;

(ii) for zenith angles (all results in arc seconds):

4 ((3)2 + ( (1.0 * 206265 * S)/2R )2)

when 1-way zenith angles are observed and corrected for earth curvature

and comgmte[ coefficient of refiaction; and,

4 ((3)2 + ( (1.5 * 206265 * S) / 2R )2)
when 1-way zenith angles r.eobserved and corrected for earth curvature

and w•mazc coefficient of refraction (value of 0.13 often used);
with S the approximate horizontal distance (kin); and,

R the approximate radiu of the earth (6370 kan);

(Nii) for distances measured with a steel or invar tape: 5 mm; and,
(iv) for distances measured with a steel tape, invar tape or invar wire measuring unit:

0.05 mm.m
Mb) It shall not be necessary that the network adjustment compputer program system

compute items (f) to (j) inclusive of sectio 3.1.9.3.
(c) The localization of deformations in the refren network and the entire network may

be performed by the localization method referred to in section 3.1.9.6; or. by the error
ellipse method, in which any displacement extending outside the boundary of an error
ellipse corresponding to the point displacement at a prechosen confidence level
(usually 95%) is deemed to be statistically significant.

3.2.10 Presentation of Results

Presentation of results shall be the same as that described in section 3.1.10 with the

following exception: it shall not be necessary that the project report include items (i) to (m)
inclusive of section 3.1.10.3.
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FRENCH LEGISLATION ON INSPECTION AND SURVEILLANCE OF DAMS



French Legislation on Inspection and Surveillance of Dams

(from ICOLD, [1989, pp. 91-94])

1. General

French law requires inspection and surveillance of dams that might affect public safety.

The instructions are set out in an "interministry circular" dated 14 August 1970 bringing up to
date earlier circulars of 1927 and 1928.

The circular applies to all dams more than 20 m high (above natural ground level) and to all

others whose failure would have serious consequences to human life.

The surveillance of a dam is the responsibility of its owner.

A special Government Department ensures that this surveillance is properly carried out by the
owner.

2. Principle Instructions in the Circular

2.1 Owner Records

The owner must create or keep up-to-date records containing all documents relating to the
strctur, including construction drawings, results of geological and geotechnical investigations,
hydrological data, description of maintenance and repair works, drawings of the instruments,
results of the measurements, documents relating to reservoir operation etc.

2.2 First Filling

Proposals for procedure during first filling must be approved by the Comiti Technique
Permanent des Barrages (Permanent Technical Committee on Dams), an interministerial
committee created in 1966. The proposals must be submitted at the same time as the design of
the project.

The proposals have to include:

(1) description and layout of instruments,
(2) filling programme including pauses for measurements,
(3) reading frequency, and



(4) steps to be taken in case of problems (erergency drawdown, who is to be
informed)

The owner must report fully to the Government Department within 6 months after filling, and
the report must contain a complete analysis of the behaviour of the dam during the first filling.

It is amplified as necessary in an operator's annual report

2.3 Operator's Register

This basically consists of:

(1) periodic inspections of the structure, surrounding area and discharge equipment,
and

(2) instrument readings.

The frequency of inspections depends on the size of the dam and the occurrence of problems.

The operator's annual report must be sent to the Government Department, giving the information
in the operator's register and the results of measurements. Every two years, this report must
contain a full analysis of the dam's behaviour.

2.4 Visits by the Government Department

The Government Department makes at least one visual inspection of each dam annually with the
operator.

Within 5 years after first filling, the Government Department makes a full inspection of each
dam. This includes inspection of parts normally submerged. Thereafter, this inspection is
repeated every 10 years.

In principle, such inspections require the reservoir to be emptied. However, if this would cause
serious problems, miniature submarines or underwater TV can be used.

2.5 Special Rules for Old Dans

Old dams were not built on modern design criteria. Many have little or no insmentation, even
though safety factors are lower than would be expected today.



The circular of 14.08.70 provides of a special review of these dams. Each Government
Department has to list the dams thought to need such review and give an order of priority. The
owner is then invited to commission a report by engineers or consultants, containing inter alia
recommendation on the instruments to be installed. The report is submitted to the Permanent
Technical Committee on Dams.
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1. INTRODUCTION

This document is a specification for undertaking three dimensional
deformation monitoring surveys on Electricorp Productions (a division of the
Electricity Corporation of NZ Ltd.) Arapuni Power Station which includes
the various Arapuni structures and the surrounding country. Arapuni Power
Station is on the Waikato River between Waipapa (upstream) and Karapiro
Dams. This specification details the various survey components, appropriate
instruments and field techniques, sets accuracy standards, describes suitable
computational, adjustment and analysis methods and specifies the formats
for -reporting on such surveys. Appendix 13 shows a resume of technical
details of the Arapuni Power Station.

2. DESCRIPTION OF SURVEY COMPONENTS

The complete deformation survey is made up of a number of components
which are described below. Appendix 2 to 6 (App.2-6) shows the location of
the survey pillars, Bench Marks (BM's) and structure points that make up the
monitoring network* In this specification survey station names are:-shdwnin. -;-

Italics. The first surveys were undertaken at Arapuni in.1931; 1949 and 1960. !ý,
In 1975 the network was improved and extended with the coristruction of
survey pillars replacing ground blocks. The emphasis of the early surveys at
Arapuni were on horizontal monitoring with vertical monitoring being
mairly from 1975. During the station reimbursement from 1939 to 1990 the
network was increased to monitor all the major structures during and after
the station commissioning.

2.1 CONTROL LEVELLING

The vertical monitoring of the network is based on precise levelling from a
number of BM's surrounding the various Arapuni structures. Appendix 2
shows the overall layout of these BM's with App.3-6 showing the main
strucrures in more cdei'.l. The levels are based on Moturiki daitum. The full
levelling ne&,Nwork covers an area of approx. 1.5 square km from the dam in
the south to the downstream Waikato river bridge in the north, from 200m
west of the spillway in the west to the centre of Arapuni village in the east.
The levelling is made up of many interlocking circuits which traverse
through all of the main s:ructures with numerous BM's and pillars levelled in
the general ridge area between the headrace and the Power House (PH).
Some of the levelling lines are done one way only but are included in
circuits. Arap:ni Fundanm etal BM (in village) is the area origin with pillar G
to the west occasionally used as origin for some recent surveys. BM AB22 to
the north east of the village was part of the circuit in 1985 but wil! be omitted
in future. Precise reciprocal vertical -.%ngles are used to transfer the levels
across the tailrace from pillars Bi to B4 just upstream of the PH.



2.2 STRUCTURE LEVELLING

The precise levellig .of the structire points involves levelling five pins on
the dam crest, eighteen pins on the PH floor, six pins on the PH roof, eight
pins on the spillway structure, eight pins on the headrace intake structure,
seven pins on the tailrace weir (more if flows are very low). Appendix 7
shows a schedule of what BM's and structure points are levelled in the

different survey types. The spillway and headrace intake levelling is
included in the control levelling routes.

2.3 HORIZONTAL CONTROL

The horizontal control for the network is based on twenty seven survey
pillars, and one beaconed trig station (Trig A No.2). The seven pihtrs D, E, F,
G, J, M, N and Trig A No.2 form an outer network with numerous
interlocking lines. However tree growth within the area since the last full
survey of this network of 1985 has meant that many of the lines would
require prohibitive clearing and so a minimum requirement of lines between
these pillars is shown in App.2. Within this network are other networks of
pillars (sE'. section 2.4) that monitor various structures. These are all

interlinked wit! 'he outer network. Some of these pillars are shown!.in.App.3_..
By triang, la ,. z..in techniques the survey pillars are-coordinated in aType:
A survey from probably G and Trig A No.2 held ftied at previous values onr.,
the ,N\Z Map Grid. -" -

2.4 HORIZONTAL COORDINATION OF STRUCTURE POINTS'

The following points on structures are coordinated in a Type A survey (see
3.). The five points on the upstream crest of the dam, three points in a line on
three of the five downstream piers of the spillway structure, seven poinfs on": .:-• .
the headrace intake structure, four points on the PH roof (these are not the
levelled points) and up to nine (possibly only three out of the water) on the
tailrace weir. From 1975 the regular annual monitoring at Arapuni has been
on a survey called the "Ridge Survey" which consists of two near parallel
lines (approx. 130m apart running east/west) which run through either end
of the PH (the four PH rooi points are in this survey) and have their terminal
pillars on the right bank above the PH and some 200m west of the spillway.
These two lines of marks are called Al (east) to A6 being the northern line
and B1-B6. All except the four PH roof points (A&B, 2&3) are pillars with
A&B (4,5&5A) being on the ridge between the headrace and the PH. The
results of the ridge survey have in the past only been presented as distances
and changes between points on each line and offsets and changes from the
line between the terminal pillars. The recent horizontal monitoring of the
above mentioned structures (except the dam) is either from some cf these
ridge survey pillars or from additional pillars installed since 1989. The
horizontally monitored structure points are coordinated by either directions
and in some cases distances from at least one pillar. In the Type A spillway
survey the points C2-C4 are set up on and distance measurements made to
C2-CS. Appendix 8 shows a schedule of pillar and structure point directions



and distances for the dii.erent surveN, ty,)es. The resu.ts from the spiflwav
sur\'ey are also expressed as distance, offsets and changes Detween other
points on the line and offsets between the terminal pillars. All of the
structure points described above are precise levelled except the four PH roof
points. The pillars E and Al have moved in the past and these are referenced
to nearby points (Block E is adjacent to pillar E) with Pin 57 on the swing
bridge anchor being close to A]. The four terminal pillars of the ridge survey
have a series of four buried iron tubes close by and on line to two of the other
terminal pillars. They were set up around 1975 to check on possible
movements of the pillars. It is not anticipated that these points will be
surveyed again and so there is no further reference to them in this
specification.

2.5. OPTICAL PLUMBING OF SHAFTS

Two of the vertical shafts in the ridge area have points in place to check for
tilting of the country by optical plumbing methods from the bottom of the
shafts The shaft positions are shown on App.2-3. Appendix 9 shows
photographs of the optical plummet and the gridded target on the shaft.
ceiling. Appendix 10 shows details of nearby reference marks
plumbing points set up in case the plummet mounting points or targets were..-
damaged. - . " ........

3. SURVEY TYPES

The extent and frequency of the deformation surveys at Arapuni are defined
by three survey types. Type A surveys are undertaken every six years and
comprise all components. Type B surveys are undertaken annually- and ari.- "
generally restricted to the structures. Type C surveys are intended to be

undertaken in an emergency situation (eg. following a significant
earthquake) and are designed to do a minimum of field work to detect any
signiificant deformations. Appendix I shows a table of all survey
componen'ts, a hi-story of when they were and proposed to be next suirv eyed.
Following is a detailed description of the extent of e.ach survey type. It
should be pointed out that Type C survey components are included in a Type
A and B and Type B survey components are included in a Type A survey.

3.1 TYPE A SURVEYS

Type A surveys are undertaken in approximately August every six years
(next survey in 1997) and include all the levelling as shov :n in App.2-7, the
full horizontal network as shown in App.2-3 and the structure point
coordination described above and shown in App.3-6 and as per the schedule
in App.S. The optical plumbing in the two shafts is also undertaken. These
Type A surveys will check on deformations over a wider area than the
annual Type B surveys and will check on the validity of the assumptions of
control mark stability made in the previous five annual surveys.



3.2 T1YPE B SURVEYS

Type B surveys are undertaken in approximately August annually. They are

designed to provide an annual statement on the integrity of the Arapuni

structures from a midnimum of fieid work. Generally the same structure

points are levelled and coordinated as in a Type A survey except they' are

fixed from fewer observations from BM's and pillars that are assumed to be

stable (albeit with some checks) at previous values. The levelling is
undertaken in six separate unconnecled areas viz: the dam, spillway,
headrace intake, ODS ridge area, PH floor and tailrace weir. Appendix 7
shows a schedule of what marks are levelled in a Type B survey and the
plans inApp. 3-6 show the various routes. The PH roof levelling is not done.
All of the levelling in these areas commence at adjacent BM's, pillars or pins
that are connected during the Type A surveys. In a Type B horizontal survey
eight of the twenty seven pillars are occupied. These are pillars AL, A6, B2,
B6, Steps, ODS, C5 and B. Both direction and distance obiervations shall be
made between these pillars and to others (where applicable) to provide
checks on their stability. From these pillars direction and distance
observations are made to all the structure points described in 2.4 above
except for two of the four PH roof points. The number of tailrace weir points-
coordinated will derend on the tailrace flows at the time. .Appendix. S shows.: -
the schedule of observations for a Type B survey. Generally the structure..
points are coordinated by one polar ray (direction and distance) whereas in a
Type A survey these points are coordinated by severalways of directions and
sometimes distance. the optical pluambing in the two shafts is also done. In
the event of a Type B survey revealing significant changes, discussions with
the deformation engineer and the client (Electricorp) must be held to decide
what extra survey work is required and the funding of that work.

3.3 TYPE C SURVEYS

Type C surveys are intended to be undertaken as a result of an event that
mar have caused significant damage to the structure. The survey is defined
as being the same as a Type B but would concentrate on areas of concern. The
levelling shall use precise equipment but the procedure may be relaxed
depending on the nature of the emergency eg. levelling one way only in
more instances. As many checks between the observing pillars (and others)
as possible shall be made in the available time to check on their relative
stabiiitv. The procedure for a Type C survey needs to be flexible depending
on the nature of the emergency and the consultant surveyor would need to
respond quickly and have some interim results to the client within twelve
hours of notification. It is probable that a Type A or B survey wnuld follow
some time after the emergency.

4. INSTRUMENTATION

The deformation surveys are of a precise nature and the instruments
employed must be of a suitable precision and be correctly adjusted and



calibratek. to achieve the cc.sav C,,rac-.r. "T±e .rec.. , ': mu.st be an
automatic typz capable of reading to 01.rm or better ana used in conjunction

with two precise invar staves. A Zeiss Ni007 is a typical instrument. The
theodolite used for horizontal and vertical angles must be capable of reading
to better than 1" of arc. A Wild T3 or T2000S are typical instruments. The
EDM used for distances should be capable of measuring distances of up to
1km (Type A surveys) with reading to 1amm or better and standard errors of
+/-3nmn +/- 3ppm (parts per million) or better. A Wild D120 and Sokkisha
SET2 are typical instruments. The theodolite (s) used for the precise vertical
angles (see 5.2) can be a 1" instrument. A typical instrument is a Wild T2 or a
Sokkisha SET2. The optical plummet used for checking the shafts should be
an automatic type capable of 1:200000 accuracy. A Wild ZL or ZNrL are
suitable instruments. The suitability of new instruments and techniques for
deformation surveys needs to be continually assessed for possible accuracy
improvements and efficiency gains. However if instruments outside the
above specification are intended to be used they must be fully specified and
approved by the client.

5. FIELD METHODS

Prior to commencement of field. work the consultant surveyor shall discuss
his intended on site activities with the Arapuni operiiting staff. Some deaning "
of pillar sight lines will be required: especially .prior to the Type A sunreys.
This may be a major exercise and some prior investigation and feasibility on"I
what lines shall be cleared shall be undertaken. An indication of what may
be required is shown on the plan in App.2 and on the horizontal observation
schedule in App.8. Approval to e nter.private land for.the outlying pillars and
trigs shall be sought before entry. Appendix 14 includes a full set of locatiori"
diagrams for finding the BM's and pillars. The field work must be observed
in suitable conditions with avoidance of significant shimmer being very
important for angle measurement. Weather conditions, (the dam, spillway,
headrace and tailrace water levels), dates, persormel, instrument t'pes and
serial r.nmbers must be recorded. The following field procedures -ill
ach-eve the required accuracies specified in 6. below. An-. significant
departure from these procedures must be fully detailed and approved by the
client before being used.

5.1 LEVELLING

Before and after the precise levelling a collimation check on the level shall be
undertaken. Either of the two staves can be used to monitor points but the
constant difference betveen them must be determined and applied if
necessary. The stave bubbles must be checked. Except on lines under 5m
length the bottom 0.5m of the stave shall not be observed. Sight lengths shall
not exceed 35m with set cut dist3nces being taped or carefully paced. The
difference between the back and fore sight lengths in any set up must not
differ by more than 1.0m and the accumulated total of back and foresight
distances between BM's must not differ by more than 2.0m. An observing



procedure wvhereby a centre wire reading on each of the two scales is read
with the observing sequence always starting and finishing on the back sight
is a minimum requirement. All levelling must be returned, (or double
levelled) preferably not immediately. The exceptions to this are shown in
App. 2-4,6. In a Type A survey these are from pillars A to ], pillar C5 to BM
B24 (near the damn) and from H-1592 to H593. The circuits including these lines
must however close to 3ram times the square root circuit distance in kin. In a
Type B survey the circuit on the spillway (App.6) may be levelled one way
(closure to 0.6mm) along with the PH floor levelling (App.4) circuits (closure
0.6nrn). The levelling across the tailrace weir between 90WL2-90WR2 and
90WL4-90WRA, is done by reciprocal precise levelling as is the line across the
upstream end of the headrace between Nail 89A and pillar C1. Parts or all of
a Type C survey may be levelled one way depending on the nature of the
emergency. Suitable change points for the control levelling are 150*Smrn
square section nails driven into the seal. On grass or soft ground substantial
firmly driven pegs with domed tacks are necessary. Heavy three footed
change plates can b- used on concrete surfaces. A field calculator/computer
system of recording, computing and printing the height differences and
checks is preferred.

5.2 HORIZONTAL AND VERTICAL ANGLES: .

Horizontal angle measurement is undertaken by observing sets of directions:
to a number of consecuti-'e stations. Directions to pillars and structure points
can be observed together if desired. All observed points have constrained
centring .so no tripods are necessary. The exception to this is the Type As
survey check to Block E and Pin 57 (for pillar E and Al movement). which are-: . -. -

ground marks and need tripods. The trig beacon at A No.2 must be checked
for a Type A survey. Particular care must be taken with the instrument
levelling on steep lines. An umbrella shall be used to shield the instruments
in strong sunlight. For observations to pillars and structure points at least 4
sets e directions shall be observed in a Type A survey. For lines of around
100m or shorter 3 sets is sufficient. For a Type B survey 3 sets of directions is
sufficient. If directions are observed on more than one occasion from a pillar
at least two common points must be observed on each occasion. The pillars
that are not precise levelled need to have their heights checked in each Type
A survey by trigonometric levelling (heights are used for EDM slope
correcton and detecting gross deformations). Vertical angles need to be
reciprocal but not simultaneous. Three sets of verticals are a minimum. The
levelling acrc-ss the tailrace to Al, B! etc. shall be checked by a method of
precise simultaneous reciprocal vertical angles in a Tvpe A survey. This is
done between eccentric set ups at BI and B11 on this approx. 120m measured
line. Ve:tical angle observations to the centre of the theodolites telescope are
normally done. A method of observing a precise stave to determine the
theodolite height is recommended.



5.3 DISTANCE ME.ASURING

Lines between pillars in a Type A survey shall be measured both ways
although the same way on separate occasions is acceptable. In Type B and C
surveys lines can be measured one way. The number of measurements taken
at a station depends on how the EDM operates but a minimum of S separate
measures of the distance is required. Sufficient meteorological data
(temperature and pressures) needs to be taken to ensure that the atnospheric
correction can be computed to Ippm or better. Meteorological equipment
needs to be periodically checked against a standard. For lines over 10
degrees slope, tilting reflector assemblies are needed. The new pillars (after
19S9) C1, C5, ODS, Headrace, Pylon, Steps, Wall and Bush all have flat stainless
steel plates with a protruding 5/S"UNC stud imbedded in the pillar top. For
these, EDM heights are measured from the flat plate. There is a known
relationship between the top of stud, the flat plate and the base BM pin
(where appiicable) for these pillars. All other pillars have a Y"BSP tL-eaded
stud with a 3/S" centre hole which require a pillar plate or pillar pin to
mount a tribrach. These items are shown in App.12 which shows special
survey items. Usually at Arapuni a set of ten numbered pillar plates (for the-
A and B pillar lines) are used. EDM heights are measured from the top of.
these plates and there is a known relationship between the top.of the .screwed
in plate; the top of the imbedded 1" pin and the base BM pinzi where
applicable. The structure monitoring points that are measured to (except the
PH roof and dam points) have a 5/8"UNC protruding stud with a Ramset
nail some 80mm adjacent for the purpose of EDM height measurements.
There is a known height relationship between these points. The EDM must
have a recent calibration on a multi pillar base line to determine the constant
and scale error of the instrument preferably in similar weather conditions. It
is recommended that the WORKS Dey St. EDM test base in Hamilton is used
for this purpose. The summation of measurement on the A and B lines and
on the spillway survey (C2-C5) also serve as a check on the EDM constant.

5.4. OPTICAL PLUMBING OF SHAFTS

The optical plumbing in the two shafts is uhdertaken in a Type A and B
survey. The most successful method for reading the gridded target in the
shaft ceiling has been for an assistant to read the grid reference (to lmm)
after having moved a circular target (a washer is suitable) into position on
the i!uminated target with directions from the observer below using radio
commur.cation. At least four readings are made (in groups of two) in
plummet positions ISO degrees apart.

5.5 OTHER NOTES FOR FIELD WORK

The PH roof points and dam points need a special adaptor to mount a
tribrach. These are called a "Tribrach Stud Short oz Long Adaptor" shown in
App.12. The levelling on the tailrace weir right bank requires 2m staves or
similar as access to the right bank through the tunnel is very restricted. The
levelling on the PH rooft (Type A survey) has not been done under full



gc .i.-- co;ditions beLore. Fxcess.ie vibration may mean hat th.is
le'eli'ng is rnot possible. Keys and approval from the operating staff may be
necessary for access to the tailrace weir, the PH roof and floor, the ODS, the
headrace intake and the spillway. The screen cleaner on the headrace intake
may need to be shifted to see to 90113-5 from pillars ODS and HeIlrace. On
the tailrace weir point 90WL3 a special item called a "Stud Extender" (see
App.12) is necessary to clear part of the adjacent gate raising mechanism. A
gaurd rail has to be removed to attach a tribrach to 90WL2. For the optical
plumbing in the shafts detachable water shields are located at each site.
These are positioned above the instrument allowing observations through a
small hole. Excessive water falling in Shaft C may prevent any observations
here. Prior to the survey discussions with the Arapuni operating staff should
be held to ascertain the prevailing water conditions in Shaft C.

6. REDUCTION AND ACCURACY OF DATA

6.1 LEVELLING

The field recording/computing system hill provide all the procedural -checks
and height diffe~rence summaries in the field. The difference between the two-.
derived height differences in any instrument set-up'must not.exceed 0.35miv-
or the set up must be repeated. The instrument collimation error must be-
kept to within lmm/25m. The forward and return runisshall be set up in a
spreadsheet for comparison and final level computation. The comparison.
between the mean forward and return difference in height between adjacent
pins on a structure must not exceed 0.4mm. The difference between the
forward and return runs between adjacent BM's and the misclose in the large .-.
Type A circuits must be less than 3ram times the square root of the kmin:
distance between BM's or circuit length. The misclose around the PH and
spillway circuits must be 0.6mm or less.

6.2 HORIZONTAL AND VERTICAL ANGLES

A field system of recording, computing and printing the individual sets of
directio.s in terms of the selected origin is desirable. The Standard Error (SE)
for any individual direction on lines over 100m from the 3-4 sets shall no-,
exceed 2.5" with the mean SE of all such directions at one station not
exceeding 2.0". The mean of all SE's in the survey shall not exceed 1.5". For
vertical angles an SE of 3" for the mean angle is required. The computation of
the A&B 1&6 quadrilateral horizontal angle misciose should be done and
must be less than 3". The precise vertical angle connection between B1 and B"
shall close with the precise levelling to 3mm times the square root distance in
km (circuit length) or better.

6.3 DISTANCES

A field system of recording, detecting gross errors and printing the measured
data is desirable. The field data then needs to be corrected for the



attmospheric conditions, sioe., w,.,l above sea e ",,t ,-'n- -
constant and scale error to produce spheroidal distances. Slope corrections
are to be computed from adopted or derived station heights and not from
one wav vertical angles. In a Type A survey the forward and return distances
are best input into a spreadsheet where the differences and ineans can be
computed. The mean difference behteen the two measurements for lines
behveen pillars must be less than 3m'un with no individual lines over 6mm.
The final mean corrected distance before adjustment needs to be accurate to
3mm or better in a Type A survey.

6.4. OPTICAL PLUMBING

The optical plumbing simply requires the mean of the readings at each site to
be computed.

7. COMPUTATION AND ADJUSTMENT OF DATA

The following are acceptable techniques for computing and adjusting the
data to achieve the required results. Other techniques may be permissible but'
must be fully documented and ipproved by the client before their use. .

. . . .' :

7.1 LEVELLING.- -- ". - .- -, .. . --, .

The computation of the control BM levels invovesselectin a B4-. "
network origin. This decision will be based on the agreement with a nearby
check BM, and what changes are apparent on the other network*.B.M's
compared with previous surveys. The most likely origin in a Type A survey

are Arapin.- Fudam.in. tal or Pillar G being on the extremities of the-network:.
Orthormetric corrections are applied in the computations if their effect is
greater than 0.05mam. In a Type A survey the structure point levelling shall
be in terms of the one selected origin for that survey. In a Type B survey the
origin mark used adjacent to the structure levelled (as shown in the plans in
App.3-6) shall be held fixed at its previous Type A survey level unless
evidence shows it is unreliable. The levelling in a Type A survey cornprises
many circuits. The hierarchy of circuit adjustment shall be that .the smallest
circuits are adjusted first with no further adjustment in that circuit if it is
linked to a l-rger circuit. The levelling to the dam area should be computed
using the return line (H593-B) with the two one way lines serving ordy as a
check. The circuit comprising the precise VA's and the return levelling from
61 to H592 should be adjusted based on distances between marks betw.'een B!
and H502.

7.2 HORIZONTAL CONTROL

The mean observed directions and reduced distances of the network
(excluding observations to structure deformation points) contain many
redundancies. This data must be adjusted by a suitable least squares
computer pro3gram that will allow at least a hto dimensional adjustment to
produce fina. coordinates of the points. The software needs to handle the



iz1put of directions •i. dCstp.nes ei' -i_-i in s,!"ero-d* forms distar"ces

corrected only for inrstrum-ental and atmospheric factors. In the latter case

EDM and station heights are supplied. The softwvare must be capable of

weighting observations separately and must produce observation residuals,
coordinate SE's and error ellipse details at the 95% confidence levels. It is

likely that several different adjustments would be undertaken to suitably

weight or reject inferior observations, to produce minimum residuals and to

try -different fixed points in the adjustment. One adjustment should be

undertaken with only one fixed point and an orientation (a free net) to assess

the quality of the survey data. The final selection of fixed points in the

network adjustment may be done empirically based on the experience and

knowledge of the network and all the evidence from the current and

previous survey data. In a Type A survey it would be anticipated that

initially G would be used as the origin of coordinates with Trig A No.2 (and

probably pillar F) for orientation in the adjustment. It is anticipated that for a

Type B survey pillar B6 would be used as the origin of coordinates with
orientation checks to G, F, A6 and Trig A No.2 (if visible) all held fixed at the
previous Type A values with new coordinates being computed for five other

occupied pillars C5, ODS, Al, B1 and Steps. A Type C survey may not

I involve any least squares adjustment but may only.involve a limited check,
on the stability of the occupied pillars. The adjustment software used must bie"
capable of applying an overall scale correction and desirably will be able to.
perform similarity transformations of one survey over another to obtain a
best mean fit to assist in the selection of fixed (stable) points. -I
7.3 STRUCTURE POINT COORDINATION

Once the coordinates of the pillars used for the structure point observations ,t.
have been decided on another least squares adjustment is undertaken wh. ....

all the mean observed directions to the structure points input. Again this may
involve several adjustments to suitably weight or reject inferior observations.
In a Type B survey pillar B is held fixed at its previous Type A values along
with A and F. In the computation of some of the structure points in a Type B
there are no redundancies. In a Type C survey the coordinates of the

structure points could be computed manually. The results of the survey on
points A&B (2-5A) are also presented as distances between points and offsets
from the terminal pillar line (and as changes since the previous and base
survey). The adjusted distances and directions shall be used to compute this
dl-ta.

S. ANALYSIS AND PRESENTATION OF DATA

The final levels and coordinates from the survey need to be added to the
spreadsheet of all previous surveys and the changes sb'own to 0.1mm for
levels and 1mm for coordinates and offsets since the previous and the base

survey (for that mark). If the previous survey for that mark is not the most
recent Arapuni survey then it is to be indicated as such. See App.11 for a

sample spreadsheet of coordinates and changes. Changes have to be assessed
:. , . .. - - 4



as re'ii cr within thw ak!..vab~c sum-ve erro:r. Plots of poin's from differcnt
suV'e' "', their st:ndard L.rror e'.!L)$SS mn\v be r;ecessa." to .Ssescs this.
Scrutiny of previous survey reports will! also be necessary. Three dimensional
changes (if significant) since the previous and base survey for the monitoring
points shall be shown on plan(s) which show sufficient local detail. The
correlation between the shaft plumbing and ridge levelling results shall be
discussed. Any identifiable trends from the current and previous surveys
need to be identified and discussed. If considered appropriate, graphs of
movements against time shaH be produced. If the survey date is significantly
different from August any seasonal effect needs to be considered. The effect
of signdficantly different water levels during the survey shall also be
considered.

9. REPORT FORMATS

One of the key elements of the report format is that the latest report will
show the final levels and coordinates for all surveys to date. The survey shall
be reported on in two formats. A comprehensive report shall cover all aspects
of the survey with a full list of appendices. This report is intended to be a full
documentation of the work and would normally be retained bby the
consultant surveyor. However copies shall be provided to Electricorp if
requested. At least two copies of this report shall bV Produced. A brief report
will include the same conclusions, summary and recommendations but may
omirt some detail leading up to these. This report will be for Electricorp and
at least four copies shall be produced. Following is a more detailed
description of the contents of these reports.

9.1 COMPREHENSIVE REPORT

a) The report shall begin with a Title Page followed by a table of Contents
then by a list of Appendices.

b) This will be followed by an Abstract which will include a brief

inkroduction, what survey was undertaken and a brief summary of the
findings of the surve'.

c) The Introduction shall include a brief history of Arapuni surveys, the
purpose and scope (ie. survey type) and timing of the work and what
organisation undertook the survey.

d) The Field Work section will detail dates, personnel, instruments,
weather, what methods were employed and any problems erncountered.

e) Reduction of Data will detail what computations were applied to the
raw data before adjustment.

f) Adjustment of Data will detail how the data was adjusted, what
assumptions were made including a discussion on origin selection and



ma, include a 4iscussion on aspects of the least squares adjustnents
including the observation residuals and coordinate standard errors.
This section may be broken up into vertical and horizontal survey
sections.

g) Analysis of Data shall include a discussion on changes since previous
surveys and whether these are real or within the survey tolerance. The
effect on the results of any abnormal conditions or circumstances need
to be discussed. There shall be conclusions from the results for each
different component part of the survey.

h) Recommendations shall confirm or otherwise the next planned survey
date and suggest any changes or improvements to the survey.

i) The Summary will include essential!y what is covered in the
Introduction and briefly discuss the findings and conclusions of the
survey and any major recommendations.

The report shall have a full set of ap.niices as follows:

1). A tabie shoiVing the history of all survey conipohe.nts tb date and the -..
proposed future surveys similar to App.1 of thi'sp"cification. . -

2) Plans of the area and networks similar to App.2-6 of this
specification sufficient to show the monitoring marks in all areas and
three dimensional changes (where applicable).

3) A spreadsheet of the control and structure levelling and changes since
the previous and base survey. This shall show the origin(s) for each
survey.

) Any plots or graphs that may be Lecessary to deeict or cla:ify the

levelling results.

5) A spreadsheet of the horizontal control and structure point coordinates
and changes since the previous and base survey.This shall show the
origin(s) for each survey

6) A spreadsheet of the ridge survey (A and B line) offsets and changes

since the previous and base survey.

7) As in 6) above but for the ridge survey distances.

S) Two spreadsheets as in 6) and 7) above but for the spillway marks (C2-
C4).

9) Any plots or graphs that may be necessary to depict or clarify the
results.



10) A spre dshect and position plot of the readings from the optical
plumbing.

And any other appendices that may be required from time to time to enhance
the presentation of data. The following appendices shall only be included in
the comprehensive report:

11) A list of key survey personnel along with, instruments, serial numbers
and details of EDM calibrations for all surveys since 197S.

12) A list of survey reports since 1975.

13) A schedule of levelling on BM's, pillars and structure points similar to
App.7 of this specification.

a 14) A schedule of observed directions and distances from pillars and to
structure points similar to App.S of this specification.

15) A spreadsheet of levelling computations...: . .

S16) A plan showing the levelling type and routes for the survey.

17) A summary of EDM (measuring point) levels used for pillars and
structure points (that were measured to) and the source of those levels.
The constant level differences between the following shall be
catalogued: the central pillar pin, plate.and base.pin for thefnew pillars,

the base pin and the top of the screw on plate for all other pillars and
the difference between the EDM Ramset height nail and the structurej monitoring points (where applicable).

IS) A summary of horizontal angle miscloses on the A,B quadrilateral for
all sur,'evs.

19) A summary of the pillar E monitoring data for all surveys.

20) A copy of the input data and the key outputs from the horizontal
control least squares adjustment.

21) A copy of the input data and the key outputs from the horizontal
structure point least squares adjustment.

22) A copy of the survey mark location diagrams.

And any other appendices that may be required from time to time to
improve the documentation of data. For Type B surveys all of the above
appendices shall be included except 19).



9.2 BRIEF REPORT

The brief report shall include a-c) and f-i) in 9.1 above in the text of the report
and appendices 1-10) in 9.1 above. A Type C survey would in the first
instance be reported on verbally followed by a written brief summary of the
changes. As a Type A or B survey would probably follow, the Type C data

would be included in the Type A or B report.

1 10. STORAGE OF DATA

The raw field data and computations from.surveys shall be held in safe
keeping by the consultant surveyor and be available to Electricorp on

request. These records shall be retained until otherwise notified by
A Electricorp. The computer generated contents of the report shall be

electronically filed in two entirely different locations by the consultant
surveyor. One of these locations may be with Electricorp. The text of the

I report shall be filed in the Word Processor format used as well as in ASCII
(TXT) format. The relevant appendices shall be filed in the spreadsheet

] format used as well as in Lotus spreadsheet format All files must be
accessible by MS-DOS computers. Electricorp shall be supplied with copies
of the data on disc on request ...J --

.).
:i•..•.": . . :,-*

SA CURRIE

Survey Manager
WORKS Geothermal

1 November 1991
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Preface The authors
Among several hundreds of dams Switzerland has Dr. Rudolf Biedermann. Swiss Federal Office for
161 large dams, most of them constructed in the sec- Water Economy. Postfach 2743. CH-3001 Bern
ond half of the 20th century. From the beginning of
construction of dams ih Switzerland. the engineers Dr. Refiner Bonhage. Elektrowatt Engineering
were at any time conscious of their responsibility. Services Ltd.. Posffach. CH-8022 Zurich
Consequently, importance was attached to dam
safety and surveillance of dam behaviour. The first Walter Indermaur. Stucky Consulting Engineers Ltd.,
lime a dam was provided with more extensive moni- 6. chemin de Roseneck. CHl- 1006 Lausanne
toring equipment was during the construction of the
55 m high Montsalvens arch dam in 1920, when Rudolf W Miuiler. Swiss Federal Office for Water
instruments for geodetic survey. clinometer and tern- Economy. Postfach 2743. CH-3001 Bern

perature measurements were installed. In 1932 the
first plumb-line measurements were performed at the Jean-Marie Rouiller, Electricite d'Emosson SA,
114 m high Spitallamm arch dam. Centrale de la fitiaz, CH- 1920 Martigny

In course of time a wide range of measuring instru- Christian Venzin, Nordostschweizerische Krattwerke
ments was developed in order to meet all require- AG. Posifach. CH-5401 Baden
ments of purpose, precision, reliability and longevity.
Today specialized manufacturers offer a widespread
collection of equipment for dam monitoring. Close
cooperation between consulting engineers, dam
owners and manufacturers helps to continue the de-
velopnment of suitable instruments to assure dam
safety.

The Subcommittee on Dam Monitoring of the Swiss
National Committee on Large Damns is to be thanked
for the preparation of the present paper which marks
the purpose and goals of the installation of dam
monitoring equipment, and we hope it will be of value
to everybody engaged in dam engineering. A preliminary edition ofthis paper in German and French has
Our particular gratitude goes to "wasser, energie, luft bow published in -was. energie, lufn--au. 6nergie, air. 78
- eau. energie, air". the official periodical of our (1986) issue 7/8. p. 117-126 (French). p. 127-136 (German).
national Committee, which made it possible to print
this special issue edited in honour of the participants The cover shows the pulpit on the downstream wall of the
at the 16th ICOLD-Congress in San Francisco, June Gigeiwald arch dam serving for the geodetic control of the
1988. structure. The owner of the dam is the Sargansertand Power

Company Ltd.. Switzerland.

The Swiss National Committee on Large Dams Color plate by courtesy of Kern & Co. Ltd.. Mechanical. Optical
and Electronic Precision instruments. CH-5001 Aarau.
Switzerland.

Prof. Dr. h.c. Jean-Pierre Stucky. Chairman

Editor
Swiss National Committee on Large Dams,
c/o Ingenieurburo fur bauliche Anlagen der Sladl Zurich.

Roland Bischof, Secretary Postlach 6936. CH-8023 Zurich.
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NJX1i01Ji (L-;O11111t3,t3o oil Large ODatis a long ser vice life A reduced accuracy is less serious thian
Committee on Darn Monitoring an interruptson in instrument operation. Maintenance and

accuracy checks at regular intervals are therefore essential
MeasuringInstallations to ensure reliability and iongevty

The measuring range should be extensive enough, so that
for Dam Monitoring excessive load Cases and/or abnormal behaviour may be

recorded, if possible, without restraint. It is precisely such
Concepts. Reliability, Redundancy cases that might threaten dam safety and need appropriate

countermeasures.
Part 1: Concepts Accuracy of the monitoring data should not be beyond thescope of existing facilities for analysis and interpretation. It

1. Introduction is important to remember that knowledge about the theo-
retical principles affecting dam behaviour is to a certain ex-Any dam is subjected to external loads that cause deforma- tent still approximative, and that such principles may be in-

lion and permeability of the structure and its foundations. fluenced by phenomena (e.g. the impact of seasonal cli-
Deformation and seepage are clearly a function of such matic variations on the behaviour of the foundation) that are
loads. Any sign of abnormal dam behaviour could possibly not quantifiable, for the time being at any rate.
threaten dam safety. Loads and the dam's response to them Even if sturdy and easy to operate instruments have been
should therefore be carefully monitored for any sign of ab- installed, defects and failures cannot be ruled out. Thus. any
normality as early as possible, and action promptly taken monitoring system should be sufficiently redundant.
before that abnormality becomes a threat to safety. By redundancy we mean keeping parallel but separate sets
Monitoring consists of both measurements and visual in- of instruments and. in addition, facilities for evaluating data
spections, neither being sufficient on their own. Every dam by double-checking, using alternative measurement
should be equipped with appropriate instrumentation ac- methods (e.g. plumbline-traverses. alignment-triangu-
cording to the set goals and according to dam type and size lation, and settlement gauge-levelling). Of the two, double-
as well as to particular site conditions. checking is preferable, because it invariably provides other
As experience in dam engineering grows constantly and helpful data. Its usefulness is. therefore, twofold.
measurement techniques become more sophisticated, dam
instrumentation should be regularly checked for suitability. 2. External loads
It may need to be supplemented or even refurbished alto- Dam deformation is caused only in part by the reservoir
gether. level. Other factors come into play. such as temperatures in
When designing a dam monitoring system or evaluating an concre dams. and the self-weight of the fill in embankment
existing one, the following should be borne in mind: dams. Earth pressure may also bea decisive factor. In either
- a dam and its foundations form a whole that is embedded type of dam, seepage rates depend essentially on the reser-

in the surrounding terrain, which may also have an im- voir level and to a lesser degree on precipitations or melting
pact, snow. A monitoring system should, therefore, include reg-

- an abnormality in dam behaviour may occur either quite ular measements of the reservoir level and of representa-
rapidly or only gradually; tive temperature and precipitation data.

- in the event of some abnormality, its cause should be Generally. resvvoair Imes are today measured with pres-
identifiable through analysis of the measurement data. sure balances. Double-checking is essential. This can be

Thus, a monitoring system should be capable of monitoring done for instance by installing a manometer on either an ex-
both short- and longterm behaviour. It should also be isting or new pipe connected to the reservoir. The measur-
capable of distinguishing between behaviour of the dam ing range should extend at least as far as the dam crest, be-
and that of its foundations and surrounding terrain. To as- cause it is important to know extreme values of the water
sess behaviour in the short term. analysing relatively few level, for an immediate judgement of flood risk as well as the
data is usually sufficient, provided that the data are selected subsequent assessment of peak inflows.
in such a manner that they clearly show whether behaviour Temperature measurement is required to determine the im-
is normal or not. These main parameters must therefore be pact of temperature variations on concrete dam deforma-
checked quite frequently. This will be helped by instruments tion on the one hand, and on the other, to determine
that are simple to operate, combined with measurement whether precipitations consist of rain or snow. or whether
methods producing results that can be easily interpreted, the snow-melting period has begun (which the ambient air
For the collection and analysis of data on long-term behav- temperature at the dam site will indicate). Where daily tem-
iour. including analysis of some detected abnormality, more perature readings cannot be guaranteed, it is recommend-
differentiated measurement methods should be used. Since ed to install a temperature recorder or, at least, a ther-
monitoring in such cases will be less frequent, measure- mometer indicating maximum and minimum values. Here, a
ment procedures and interpretation of results may require double check is not strictly necessary, since other tempera-
more sophisticated instrumentation and analysis methods ture measurement methods can always be used in case of
or even the intervention of specialists, failure. Assessing the impact of temperature on concrete
Monitoring data should be available at all times with the dam deformation will be helped by installing a sufficient
required reliability. Any malfunction or interruption in the number of thermometers at various locations within the
monitoring may jeopardize dam surveillance as a whole, dam. Use may then be made efther of temperature gauges
and raise doubts about safety. Even if defective installations embedded in the concrete, or thermometers inserted in
and instruments are replaced immediately, there is some drillholes. Redundancy would consist of a greater number
danger of the fixed datum being altered. Continuity of the of gauges than strictly necessary.
data series will be lost and long-term analysis made more Precipitatron gauging, essential near any embankment
difficult. Therefore. preference should be given to measur- dam. is recommended practice for concrete dams as well.
ing installations and instruments which are robust and have Daily readings are adequate. Although the gauge need not

•wasser, energie. luti - eau. 6nergie, air. 80. Jahrgang. 1988, Heft 1/2. CH-5401 Baden 1



,O located right at the (Sam Site, it Should not be too far re- Supplemented by and connected to a vast triangulation net-
moved from it. It daily readings Cannot be guaranteed, a work and levellings. Thus. monitoring dam deformation ac-
rainlall recorder may be used. A redundancy is not essential cording to set goals requires a spatial. i.e thrio-umien-
in this instance. since data can always be obtained Irom stonal measuring installation.
other gauging stations further away. The monitoring of dam or foundation deformation will be
Eafth-pressure-gauging. to determirre the overall stress on helped it displacements are measured at points alog bOtL
critical structural elements. may be useful in particular horizontal and vertical fines (measurement along lines) ex-
cases of embankment dams or debris check dams. In- tending as far as possible into the foundalion and including
terpretation of results is. however, problematical it. Redundancy - essential in this case - is then achieved by

measuring the displacements at the points intersecting the
orthogonal lines of this network, using various methods.

3. Deformation If a dam includes inspection galleries and shafts, deforma-
Dam deformation patterns vary according to type of dam. tion values along vertical lines can be obtained by using
foundation conditions and external loads. Due to the dif- plumb-lines (both hanging and inverted) and along hon-
lerences in construction materials the behaviour of con- zontal lines by traverses, both methods being standard
crete dams is completely different from that of embankment practice. Where there are neither galleries nor shafts (as in
dams. In concrete dams. deformation is mainly elastic, de- embankment, thin arch and small gravity dams), the same
pending on reservoir water pressure and temperature vari- result can be achieved by an orthogonal network of survey
ations. Permanent deformation may. however, be caused by targets on the downstream lace. These targets are sighted
the subsoil adaptng to the new loads, concrete aging or by angle measurement (combined with optical distance
foundation rock fatigue. In such cases, deformation is with- measurements if required) from reference points outside
out danger for so long as it does not exceed some critical the dam. The geodetic measurement of deformation does
value. The case of earth dams is altogether different. Defor- have one disadvantage, however. Because it is costly and
mation here is to a large extent permanent. Under the im- can be performed by specialists only, it cannot be per-
pact of the self-weight of the embankment and the hydro- formed frequently. In routine but more frequent monitoring
static pressure of the reservoir water, the fill material (and - of short-term behaviour- the work may be confined to ob-
the foundation if consisting of soil) continues to seffle - al- serving trends at selected points (usually, along the crest
beit at a decreasing rate-for decades after construction. In but occasionally along vertical lines) by simple angle
addition, permanent horizontal deformation of the embank- measurement or by an alignment supplementing the
ment are due to reservoir water pressure and are mainly measuring installation. The settlement of an embankment
perpendicular to the embankment centerline. Actual elastic dam can easily be monitored by levelling of the crest. Here.
deformation is slight, and not typical of earth dam behav- redundancy is not essential since leveling can eaily be re-
iour. peated. However. it is essential to extend levelling to some
In view of the difference between concrete and embank- distance beyond the abutments. Alternative measuring
ment dam behaviour, a monitoring programme cannot be methods to assess deformation of an embankment should
organized in the same way for both types. In concrete dams. include settlement gauges, hose levelling devices or exten-
monitoring is essentially a matter of observing behavioural someters.
trends in both elastic and plastic deformation. The work Measwung lines may be extended into ie foundation by in-
consists of comparing effective (i.e. measured) deformation verted plumb-lines and extensometers(preferably multi-rod
to the predicted normal behaviour, assessed through extensometers aimed in 2. preferably 3 directions to detect
analysis or some other method. In embankment dams on the spatial displacements). In some cases use may also be
other hand. permanent deformation trends should be made of a sliding micrometer, preferably incorporating an
closely monitored for any sign of abnormality. Deformation inclinometer, to determine not only strains but also incli-
values vary considerably according to type of dam: they are nations. Where there are exploratory and drainage galler-
expressed in millimeters and centimeters in concrete dams. ies. traverses may be extended into the abutments. Redun-
and centimeters or decimeters in the case of embankment dancy may be dispensed with if plenty of foundation and
dams. abutment-gauging instruments are available.
Deformation of a dam and its foundations may be deter-
mined by measuring the spatial displacement of selected 4. Seepage
control points from reference points, themselves controlled Every reservoir entails seepage through the clam structure
in position. If the reference points are located inside the and its foundation, even if there is a grout curtain. In con-
dam, only relative deformation values will be recorded. Ab- crete dams, seepage is usually slight and confined to per-
solute displacement values are obtained if the reference meable areas of the concrete, as well as along tots and at
points are located outside the dam (in the foundation or sur- the contact between rock and concrete. But any unusual
rounding terrain) and beyond the region that may be affec- rise in the seepage rate is a danger warning. Seepage flows
ted by the dam or the reservoir. Although relative data are cause uplift pressure, which should be carefully monitored
adequate for routine monitoring, assessing permanent de- in concrete dams in view of its considerable impact on sta-
formation requires absolute data, so that a monitoring sys- bility. In embankment dams. seepage flow through the em-
tem confined to the interior of a dam would be inadequate in bankment is similar to that in the foundation. since con-
this case. Ideally, in concrete dams. the reference points struction materials (including those used for the impervious
should be located in the rock foundation at a depth unaffec- core. if any) are more or less pervious. Seepage through
ted by the reservoir. In that event, absolute data could be and underneath the embankment causes pore-water and
obtained by frequent use of simple measurement devices. uplift pressure, which has a crucial impact on stability
Fixed reference points located in the vicinity of the dam but Seepage should therefore be carefully monitored. because
outside the range of its impact are. moreover, essential to any abnormal rate may indicate a development within the
identify behavioural trends in the surroundings of the dam. embankment or the foundation that may be a serious threat
Thus, monitoring arrangements in the dam plane should be to safety.
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Tiie total s"evpagc rate. in eithler type ot dam, will indicate sell-wetght Although such pressures are usually controlled
whether seepage as a whole may be considered normal by a grout curtain and also. ai some cases, by drainage
Gauging may be either volumetric (using a calibrated con- holes. the effectiveness of both should be checked, arid
tainer and a stopwatch) or by using a gauging weir or flume uplift pressures carefully monitored, except in cases wliere
Since both methods are simple and reliable, redundancy is the dam would continue to be sale even under the most ex-
not necessary. As far as possible, however. partial seepage treme uplift pressures. Since toundation conditions are het-
rates (i.e. those occurring in selected, isolated zones) erogeneous (fracturing). uplill pressures ShOuld be
should be monitored. II an abnormality is detected, the Crilt- measured in as many cross sections as possible and at sev-
cal zone will be all the more easy to identify, as will the eral points between the upstream and downstream lace.
search for the cause of the seepage. to monitor the decrease in uplift pressures. Although
In embankment dams constructed from soluble or easily measurements taken at the rock-concrete contact are usu-
erodable materials - or founded on such materials - it is re- ally adequate, it may be advisable, m exceptional cases, to
commended to monitor turbidity, at least at regular intervals gauge the pressure at various depths. To measure uplift
if not constantly. This should be followed by periodic pressure at the rock-concrete interface, piezometers con-
chemical analysis of the seepage water. In this way useful nected to a manometer have proved to be highly reliable,
data can be obtained for assessing the stability of the em- accurate and robust. Since seepage rates are frequently
bankment and foundation materials, and of the grout cur- low despite high pressure levels, true pressure readings
tain in particular. may not be obtained for quite some time (several days or
The pattern of seepage and pore-water pressures - es- months). To avoid incorrect gauging, the piezometers
pecially in tfie foundation and the impervious core - has a should be kept under constant pressure. Readings can be
significant impact on the normal behaviour of embankment distorted or interrupted, either by clogging of the piezome-
dams. Since pore-water pressures should not exceed de- Wer intake or the connecting pipe, or by some detect in the
sign values, they must be carefully monitored, possibly by pressure transducer. Thus. a drop in the pressure reading
pressure cells. The greater the number of measurement should never be viewed with too much optimism. Pressure
profiles and number of cells per profile, the more useful the gauging deep inside the foundation may be performed us-
data obtained will be. This method, redundant in itself, is ing pressure cells and standpipe piezometers connected to
highly advisable in view of the considerable failure rate of a manometer. However. since failure in uplift pressure-
pressure cells. gauging instruments cannot be ruled out, redundancy is es-
Although recent experience shows that the installation of sential. This can be achieved by installing a larger number
pressure cells, even in existing embankment-type dams, is of measuring devices than is strictly necessary, and/or by a
possible, refurbishing is not always feasible. In such cases double set of instruments at each observation point.
seepage will have to be monitored by gauging the phrea#tc
linein selected points. This may be done by using standplpe In cases where the foundation is being drained, drainage
piezometers, in which the piezometric level is checked (e.g. water discharge should be monitored. Any fall in the flow
by a light or acoustic gauge). Since gauging the phreatic rate may indicate clogging in the drainage system. Gauging
line provides a redundancy with regard to pore-water may be either volumetric or by using a gauging weir. both
pressure measurements, and its evolution is an important methods being reliable enough not to require redundancy.
behavioural indicator, standpipe piezometers should be The discharge of any spnng located downstream of the dam
standard equipment in any embankment dam and should be should be carefully monitored. Any variation in the dis-
installed in several cross sections. charge may indicate some abnormality in the seepage. But
Seepage underneath a concrete dam causes uplift pres- here again, volumetric afid/or gauging weir methods are
sures that act against the - stabilizing - effect of the dam's sufficiently reliable not to require redundancy.
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Part 2: Measuring installations and methods L - for important data it ls necessery lounie-logelher with

sufficient redundancies - "og-ivod rmeasurling
Explanations to tile tables equipment. whenever its refurbishing. the replace-

Column 1: AWplse merit of parts or MeO establishment o. relations to pre-
This column indicates the measuremtent data required. vtous measurements are exceptionally timne-consumn-
grouped by toads and reactions (indicaiors of concrete and ing or impossible.
embankment dam behaviour). M - measuring ranges must be wide enough to cover ex-

ceptional loads or unexpected behaviour.
Column .2: Af.asuring installation. mesuing devices. P - the required pweision must cover all errors of the
m" rn mefos complete mneasuring installation anid procedure

Themos sitaleandcomony uedinstruments/ (inaccuracy of the instruments and their centering as
mtheodsto suitabl te and ir comonl usedlse nti well as effects of temperature, embedding materials.
clmetostn banth.eurddt aelse nti frictions. wear. zero-poini deviations. non-linearities,

column.etc.).

Colun 3:ReqhremntsRedundancymeans both the (indlependent) duplication ot a
Cherlumn met 3: R buem fuilldb heiSrmet/eh measuring device or the possibility to check or reconstruct a

ods are defined as follows: esrnnty anoaowmsuinsnao.

R - high reliabilil-yls required for the data which are indis- Co~lumn 4. RWIWIC*s
pensable for the proper monitoring of a dam and This column includes important indications and details or
which must be available at all times. characteristics of measured data and equipment.
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6) Indicators of concrete darn behaviour
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8) IndimOms of Cocna'o dorn bepwlavic (caphmnuation)
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8. L~gislation 8. Legislation

8.1 Reglement d'ex6cution 8.1 Executive Decree
de larticJ6e3&s de la /al coocernant la police des eaux ConcerningArticle 3bis of the FederalLaw Regarding
(R*91w7~e160 concernant les barrages) the Supervision of Hydraulic Structures (Dam

(D~u 9 juillot 1957. #tat au 1 janvier 1979) Regulation)
(July 9. 1957, state January 1.* 1979)

Le Conseil Mdd ral suiisse.

vu l'article 3bis do ia loi fidiralo du 22 juin 1877 concernantTh doaCuni

Is police des eaux dans los rigions 6lev~es; based on Article 3bis 01 the Federal Law at June 22. 1877
vu los articles 2.4 et 89 do la "0 fidirale du 23 mars 1962 sur regarding the Supervision of Hydraulic Structures in High
la protection civile; Mountain Areas
vu les articles 2 ot 4 A 10 de l'ardonnaflce du 27 novembre baed on Articles 2.4 and 89 of the Federal Law of March 23.
1978 sur la protection civile. do mime quo l'ordonnance du 1962 regarding Civil Protection
21 octobre:1970 concernant le Service territorial, based on Articles 2and 4 -l10of the regulation of November

arr~te:27. 1978 regarding Civil Protection and
affdte.based on the decree of October 21. 1970 concerning Terrn-

L G~dralldstorial Services

Article premier
Sont soumnis au prisent riglement los barrages dont la hau- 1. General
tour do retenue au-dessus du niveau di6tiage du caurs
d'eau ou du niveau du thalweg est do l1in au moans au. si Article 1
cette hauteur eat do 5m au mains. ceux dont la retenug est Subject to this dereea are all dams
supirleure A 50000m". - with a mnimumx iniponding head of 10in above the low
Le prisent riglerment eat aussi applicable par analagie aux water level of existing waters or above the existing terrain.
barrages qui. lien quo nastteignant pas los dimensions pri- or
vues A l*articlo premirer. constituent un grave danger Pour - with a inimumn knponding head of Sm and a reservoir
les rigians situies en aval. cpacity of mare Ithan flOOOOm3.
11 en eat do mimea. loraque [a sicurit6 publique eat en jeu. Dams below the ha -, e dimensions may be subject to this
pour les; barrages en rivihre crdant une accumulation prin- reiltion. If the considerably endanger the population in
cipatemnent au moyen do vannea mobiles.. the area downstreem of the dam.

Art. 2 Weirs povudan datiwning nmain by gates may be governed
Des exceptions seront autorisies all est prisumable quo bOtsregulation. If required by the intveess of public
1'exicution do certainos dispositions du prisent riglement sley
n'est pas en rapport avec rimpartance, de l-ouvrage ef avec Art~icle 2
los dangers QullI reprdsente pour los rigions situies en Exemnptios are granted if the fufimewnt of certain articles af
aval. this decree is unreasonable, compared to the imtportance af

Art. 3 the structure and the danger to the downstream area.
Le Dipartement fidiral des transports. des communica- Articleg 3
bions et do li6nergie exerce. du Paint do vue do In police des The supervision ofaitesfor songwtrubetot ti
eaux. la haute surveillance sur lea ouwrages do retenue deoom is incumbent on the Federa Department for Trans-
saumnis au prisent riglement. portation and Energy.
11 decide, do concert avoc le Di6partement rnilitaire fidiral et The Department decides in agrerement with the Federal Mdi-
los autres dipartements intiressis, ai Ion so trouve en pu* tary Department and other intresaled Departments on
sence des cas sp~ciaux visis par los articles ler Ct 2 of exemnptions regarding Article 1 and 2 and authorases excep-
autorise. 10 cas 6chiant. des exceptions. A Cette fin. les pro- bions if necessary. Ta this end, the preliminary designs of
jets gineraux des ouvrages de retenue doivent lui itre sou- dams must be submitted to the Departmnent through the
mis par l'intermdidairede l'autorlti cantanalecompbtente. medium of the competent State Aufthoity.
Le Dipartement tidiral des transports. des Cornvunica- The Federal Department for Transportation and Energy de-
tionsetf do 1'6nergie decide. de concert avec is Dipartemnent cides in agreemnent with the Federal Military Department and
militaire fidiral of rof1fice 16diral do la protection civile Of the Federal Office for Civil Protection and ater hearing the
api~s avoir entendu les cantons intiressis. quels sont eas interestedl States on the necessity of water alarmn systems,
facs d'accumulation pour leaquels un s"&Me d'alarme- for dammng* facilities. It decides in agreement with the dii-
eau eat nicessaire. If fix*. dans chaque cas. de concert avec ferent Departments and after hearing the interested States
lds d6partements intiressis t api&Ws avowr entendu lea can- and the owners of the dams on the extent of the close alairm
tons at los propriitaires des ouvragea. ritenxite des zones zones to be proide with water alarm equipment. in excep-
rapprochies Qui doiven ifre &quipies dapparIls d'alar- tionaf cases the Federal Council may specify permanent
rmeeau. Le Conseil fidiral peut .. -w~o I peos- water alarm systems with automatic remote release.
enro Ia transformation du sysime dalarme-esau on un sys-
time constammrent pu~t 6 fonctonner avec tilicommiande
injtomatiqu*.
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Art 4 Article 4
L~autotitd exercant la haute surveillance pout. dentente Tne Supervising Authority may in agreement with the
avoc to canton lntiiressd at apriks avoir pris contact avec Is interested States and after contact with the owner appoint
maitre do lmcuvre. nommer des experts chargils do trailer experts for the treatment of problems in connection with the
los questions relevant do I& haute surveillance. '.es trais y supervision. All relevant costs have to be paid by the owner.
relatits sonti l a charge du maitre do loiuvre. rie5
Art. 5 The final design of the different parts of the plant is to be
Pour 6laborer los, prolets des diff6rentes parties do l'instal- prepared in contact with the Supervising Authorities of the
tation. to maitre do l'cuvre doit prondre assoz Oft contact Confederation and the State. It must be submitted through
avec los autorit~s do surveillance do Ia Confiddiation Of du the State Authorities to the Federal Supervising Authoity at
canton. L'autoritt cantonale comp~tente soumet ces pro- reasonable notice before the starl of constructiont. The con-
jets ii tautoritd do haute surveillance. pour approbation. struction may not start before approval of the (gniat design.
dans un daia convenable avant Io d6but des travaux. Ceux- The final design must include:
ci no peuvent 6tre entrepris qu~une lois los prolots approu- a) the results of the geological and technical Investigations

v~s.of the subsoil at the damn-sie and in the reservoir area:
Doivont Mtrsjoints aux progets: b) static and stability analyses.
a Los rdsultats des #tudes gioogiques et techniques Ou c) the results of the investigations of construction materials

sol do fondation et du bassin d'accumulaf ion; foreseen for the construction of the dam. These pro-in-
b. Los calculs statiquos ou do stabilith: vestigations have to be carried out with the assistance of
c . Los risultats des examens prilatables. oxhcutds avec la recognized material testing or soil mechanics laborato-

participation d'un taboratoire d'essai des mat6riaux ou ries;
d'un laboratoire do mecanique des terres officiellement d) all relevant technical and hydraulic information on spilt-
reconnus. concernant los matiriaux pr6vus pour la ing facilities and for emptying of the reservoir. The time
construction do t'ouvrago; required for the precautionary drawdown of the reser-

d. Toutes los indications n6cessaires. do caracthre tech- voir has to be specified.
nique a1 hydraulique. concerntant los Installations pri- Essential changes to the design and later alterations and
vues pour I ivacuation des cruos at pour la vidangle. siný- extensions of the plant have to be submitted to the
si quo la durile reqwise pour l'abaissemoent pr6ventif du Supervising Au~mthrt for approval-
bassin daccumulationt.

Los modifications des projets qul s'6carlent considibrablo- Aril 6
mont des plans approuvrs. *ams quo Wes transtormations at The Supervising Authority notifies the involved Federal De,-
les agrandissements appond~s par La suite aux ouvrages partmonts bef ore the approval of the project or Its changes.
doivont 6tre communiqu~s A IalautorMi do haute surveillance Article 7
et faire r'objet d'une approbation sp6cials. During and after construction the Supervising Au~thority has
ArL 6 to be notified about
Avant d~approuveir los plans at los modifications apport~es a) all results of concrete control and alt soil mechanical
aux projots. r'autontld do haute surveillance los soumet, tests. These tests have to follow a procedure established
pour avis. aux dipartomonts mntdressils. in co-operation with the Supervision Authority and ac-
An 7 cording to article 4 of the Executive Decree of August 21.
Durant la p6riode do construction at apris l'achivement do 1962 concerning the Design. Execution and Mainte-
l~ouvrage. r*autoritt6 do haute surveiulanceam resig~ nance of Constructions Placed under the Supervision of
Sur. the Confederation (Executive Decree on Construction
a. Tous les. risuttats des essais do biton at do m~aiu Standards). The results of these tests are to besubmitted

des terres. Cos ossais weont exicuAs suinvant un pro- as intermediate reports and gathered in a final report
gramme 6tabli on collaboration avec: Iautoriti& do haute when construction has been completed;
surveillance of on application do rank~le 4 do Ilordon- bi) the resulIts of all grouting required to consolidate and
nance du 21 ao~at 1962 concemrrant is calicul. lexicution impomeabilize the subsoil;
et Ventrete des constructions pmacie sous Ia surveil- c) the results of all measurements according to Article 12 in
lance do ia Confidiration (Ordonnance sur Ies normes yearly reports (Article 25 is reserved);
do construction). Los risuttats des essais swont doso ) the main as-built drawings.
gn~s dans dos rapports partiels. puis. uno tois los tra- Article 8
vaux achovis. rassemblds dans un rapport final, The owner is obliged to grant access to the plant at alt times

bi Les risultats des injections nicessairos pour Ia conso- to all civil servants commissimoned with the execution of this
lidation at litanchement du sous-sol; decree. He is furthermore obliged to give all necessary in-

c Les risuftats de oSfisure eflectuies conformimenit i tormabon and make available all documents. The same rule
artcl 12 Cs rsutatdwottr rasmbs daS applies to delegates and exports of the Supervising

des rapports annuals;. rartlcle 25 est risorvil; Authorities.
d. Les pruncipaux plans Wexicution.
Art. 8
Le propilitaio do r-ouviago ONt Ienu d-acoorder en tout
lamps t@ ftibi accis A an Intstallations sau fonctionnaires ot
autres personnes chargisi par I"s ofices tediaux do r-OX6
cutio do la prisentle erdonnanico; i tour fournrwa los renset-
gnement~s at Wes documents dont fts ont baoiom pour remplir
tour Aiche.



Art. 9 Article 9

Le contr61e exerce par les organes officiels et leurs manda- By the supervision of the Federal Aulthorilies or its delegates
taires ne ddgagera en aucune facon le proprietaire de l'ou- the owner of the plant is in no way released from his liabli.
vrage de sa responsabilitd civile et de ses obligations en cas ties and responsibilities in case of damages.

de dommages.
It. Constructional Requirements

II. Ouvrages
Article 10

Art. 10 The construction of dams has to conform to the require-
Les barrages doivent 6tre construits de maniere A rqpondre ments of the individual case, to the subsoil conditions, to the
aux exigences particulieres qui leur sont demandees. type of dam selected and to the planned way of construc-

compte tenu de la nature du sous-sol. du type de I'ouvrage tion.

et du mode d'execution prevu. Article 11

Art. 11 In the interior of the dams all constructional facilities shall

II y a lieu de pr6voir, a l'int6rieur des barrages, les amdna- be provided in view of their monitoring and possible revi-

gements n6cessaires aux contr6tes et aux revisions 6ven- sion.

tuelles. Article 12

Art. 12 According to the importance of the structure, the necessary

Des installations adaptees i Importance de I'ouvrage se- facilities have to be provided for the measurement of:

ront amenagees pour mesurer les d6formations subies par a) the displacements of the dam, its foundation and abut-
les fondations et le corps du barrage. les pertes d'eau par ments.
infiltration. les tempdratures a rext6rieur et A l'int6rieur de b) the seepage water.
l'ouvrage, la pression de reausurlasurfacedetfondationdu c) the temperature in and outside of the dam.
barrage. ainsi que les pressions de I'eau interstitielle et, d) the uplift pressure in the foundation contact zone of
eventuellement. les lignes de saturation dans les digues. concrete dams.
Ces mesures devront. autant que possible, tire entreprises e) the pore water pressure and. if necessary
ddib pendant la construction de I'ouvrage. f) the seepage line in earth dams.

Art. 13 The observation of these data has to start possibly during

Une installation de dimensions suffisantes sera arn~nag6e construction.

pour 6vacuer les crues iorsque le bassin est plein. On justi- Article 13
fiera la crue admise pour calculer l'ouvrage. To discharge floods at full reservoir, an appropriately

Art. 14 designed spillway has to be provided. The flood data used

Une vidange de fond devra 6tre installie pour permettre ia for the design have to be submitted.

vidange du bassin d'accumulation et la rdgularisation du Article 14
niveau du lac. Si les circonstances rexigent, deux vidanges For the emptying and regulation of the reservoir, a bottom
seront am6nagees A des niveaux diff6rents. outlet has to be provided. If necessary. two outlets at differ-
En regle gdn6rale, les vidanges seront 6quipies de deux ent elevations have to be envisaged.
vannes. lune faisant fonction de dispositif de s6curitl, I'au- As a rule the outlets must have two closing devices ot which
tre de dispositif d'exploitation et de reglage. one serves as safety device and the other as operating or

Art. 15 regulating device.

Les ouvrages de dicharge seront compl6tis au besoin par Article 15
des installations permettant d'6vacuer l'eau sans domma- If necessary. facilities for the safe discharge of water re-
ges. leases are to be provided downstream of spillways and out-

Art. 16 lets.

Si la rupture de conduites raccordies A la prise d'eau peut Article 16
entrainer d'importants dommages, it y a lieu de pr4evoir un If the rupture of a conduit, beyond the water intake, might
dispositif de fermeture automatique pouvant ,tre actionne cause considerable damage, an automatic closing device
manuellement et a distance, has to be provided, which can be released manually and by

Art. 17 remote control.

Des installations seront amenagdes pour enregistrer les ni- Article 17
veaux de i'eau et les debits ecoules du bassin. L'ampleur de Devices for the recording of the reservoir level and the water
ces installations dependra de limportance du barrage. releases from it have to be provided. Size and extent of these

Art. 18 devices have to be in accordance with the importance of the

Le barrage et la centrale seront relies par une installation darn.

offrant toute garantie pour la transmission de renseigne- Article 18
ments el d'ordres. A reliable communication link between dam and operating

center has to be established for the transmission of mes-

sages and signals.
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ill. Mesuresspeciales en vue de garanfirla sicurild Nl. special Provisions for Public Safely

pub~queArticle 19
Art. 19 Special safety provisions have to consider the expected
Pour los mesures spiciales do s~curitdi ordonner, ~i sera damage caused by the destruction of a structure as well as
tenu compte aussi bien des dommages; pouvant r6sulter do the necessary extra expenditure for increased saety.
la destruction do I'ouvrage quo des dipenses supplemen- Article 20
tares n6cessaires. pour assurer une plus grande socurite. The different elements of a plant have to be designed and

Art.20 built in such a way as to satisfy the normal operational re-
Los diffirentes parties de l'ouvrage soront projet6es et quirements. Furthermore. they have to grant mnaximum
construites do faqon A satisfairo non seulemont aux oxagen- safety to the downstream -area also in case of destruction
ces techniques normales d'exploitation. mais encore A as- due to acts of war or the like.
surer. eu egard aux r6gions sises en aval, uno securite aussi In the case of dams, it has to be examined individually
grande quo possible contro Ia destruction do t'ouvrage par whether this safety can be achieved by constructional pro-
des taits do guerre. visions, by a rapid emptying of the reservoir or a combi-
Pour #os barrages do retenue. it s'agira d'6lucider dans cha- nation of both methods.
quo cas si cette s~curit6 pout 6tre obtenue par des mnesuros Atce2
constructives, par une vidange rapide du bassin d'accu- AThdischare n 21iiishv ob dsge o ai

mutaionou ar es eux oyes cmbids.emptying or drawdown of the reservoir taking into account
Art. 21 the capacity of the downstream river-bed.
Los ouvrages do vidange des bassins d'accumulation do- To prevent destructions in case of war, the Federal Military
wont avoir une forine et des dimensions assurant rapide- Department makes the necessary preparations for a pre-
mont. en cas do bosom,. la vidange ou labaissement partiel cautionary drawdown of reservoirs. The drawdown may be
de la retenue. compte tenu do la capacit6 d'dcoulement du achieved by turbination of the stored water in certain plants
cours d~eau. and the simultaneous shut-down of others by the use of the
Pour "vter los destructions dues A des falts do guerre. le discharge facilities or finally by a combination of both pos-
D~partement militaire f~diral fera los pr~paratits necessai- sibilities.
rash Alabaissement pr6vontf du niveau des bassins d'ac- The responsibilities for givng such orders in case of war are
cumulation. Le niveau pourra Ofro abaissA6 solt par l'utilisa- ruled by Article 3bis. clautse 5 of the Federal Law of June 22
tion do I eau accumul~e do divers ouvrages - leoxploltation 1877 concerning the Supervision of Hydraulic Structures in
d'autres am~nagements 6tant, au bosom,. momentan~rnent High Mountain Areas.
suspendue - soit, do fagon accetir6e. par le fonctionne- Atce2
ment des dispositits; do vidange. soit onfin par la combinai- Eef~t fu~pat h etuto fwihpriual
son des deux moyens.Elmnsothpln.Odetutoofwiharclry
La comp~tence d'ordonner r'abaissemont des bassins endanger the downstream area (e.g. control devices on
d'accumulation pour des raisons do guerre oct rogu~e par bottom outlets, valves at the upper end of penstocks) are to
l'article 3bis. 5e alin6a, de la Wo f~dirale du 22 juin 1877 be located. If ever possible. underground and bomb-proof.
concernant la police des eaux dans los rigions 61e94s Article tis

Art. 22 The Federal Military Department may specify additional
Los parties do I ouwrage dont la destruction mettrait part- safety measures such as rope barriers. nets, camouflage. It
culibrement en danger Jos r6gions situies en aval (p~ex. le dams are specially protected by permanent anti-aircraft or
dispositifs d'ouverture des vannes do fond ou do fermeture guard troops, the owner has to provide the necessary and
des conduites forc6es ii leur partie supdrieure) dowront s! appropriate accommodation.
possible etre amenagies sous terre et A l'abri des bombar- Article 23
dements. In all cases mentioned in Article 3. clause 3, a water alarm

Art. 22bis system is to be installed. which can be used not only in case
Le Dipartement militaire fid~ral pourra ordonner des me of impending or actual war, but temporarily also in peace-
sures compi~mentaires do protection, belles quotla pose de timsIf adanger to the downstream area of a dam is recog-
cAbles sariens et do filets protecteurs ou le camouflage. Si nizable.
des formations do defense antia6rienne ou do surveillance The whole area flooded in case of the total collapse of a dam
sont chargies en permanence do la defense do certains is divided into two zones. The close zone consists of the
barrages, los propriitaires do ces ouvrages seront tenus do area flooded within two hours at the mjost, the distant zone
leur fournir le logement n6cessaire. of the rest of the flooded area. In the close zone, the alarm is

raised by the Military Warning Service through special alarm
Art. 23 facilities. In the distant zone, alarm is given through appro-
Dans los cas fixis AI larticle 3. 3e alinha, un systime d'alar- priate means of the Army and transmitted to the population
me-eau sera install# do faWo qu~il soit utilisable non seu- by the means of the Civil Protection Organization.
lement en temps do service actif do I'armee. en cas do dan- The owner has 10 provide for the Military Warning Service
ger dfj iA des faits do guerre, mais aussi temporairement on the necessary facilities such as blast-protected alarm con-
temps de paix, loraque la population habitant en aval do Iacs; ters and observation posts as well as furnishe accommo-
d~accumnulation est manifestement mise en p~ril. dation situated nearby. In the close zone the owner has to
La r~gion inondie en cas do destruction totale du barrage install automwaticalarm devices working independen~tly from
eat divisie en une zone rapprochie et une Zone iloignile. the electric supply net and complying with the directions of
La zone rapproch6e comprend 10 rigion inondle dans un the Federal Military Departmnt and the Federal Post,
d~lai do deux heures au plus. tandis quo Is zone AloignA.g Telephone and Teplegraph Service.

Swiss Dams - Monitoring and Maintenance Swiss National Committee on Large Darms 1985 249



set~end Sur le reste du terriloire touche par limnondation. Water alarm centers have to be connected with the comn-
Vans la zone rapprochee. r'atarme est donndeO Alaide dap- munhcation link stipulated in Article 18.
pareils d'alarme-eau speciaux par le service d'alerte de t'ar- Existing alarm facilities not complying with the require-
mee mobilise a cet effet. Dants la zone eloigniee. lalarmooest mernts according to clause 3 hereof have to be modified.
declenchee A I'aide des dispositits appropries de I'armee et In areas belonging to flood zones of different dams, the joint
transmise i la poputation par les moyerts do la protection use of the alarm devices has to be provided. The cost for the

civile.installation and the maintenance are adequately distributed
Le propridtaire de l'ouvrage fora construiro los instaltations among the various owners. In the case of disagreement, the
n6cessaires tellos que centralos d'alarme-aau et postes Supervising Authority takes the decision.
d'observatiofl capables; de resster i la pression d'une ox- The offices for Civil Protection of the Confederation and the
plosion ainsi que le logemont du detachoment d'atarmne- States take all precautions to tutfitl their wartime duties
eau. insta~le ii proximite. Dans. la zone rapprochde. iI devra already in peacetime. They prepare the alarm in the distant
installer des appareils d'alarme automatiquos et. inddpen- zones and instruct the population on the appropriate be-
dants; du r6seau 6lectrique, conformes; aux reglements; du haviour.
D6partentont militairo t~d~ral et de r'Entreprise des postos. Water alarm facilities are to be professionally maintained
tilephones ot t616graphes. and kept in working condition by the owner. They may be
Les centrales d'atarmo-eau sont reli~es aux installations de used by the Military Warning Service tor training purposes.
transmission do ronseignements et d'ordros, 6tablies en The yearly control of the water alarm system and its tests are
vertu de r'artidle 18. arranged by the Federal Military Department in agreement
LOS ameinagaments et les installations d'alarmo-eau exis- with the owners.
tants qui ne repondont pas aux exigences pos~es par le 3e The cost for the preparation and use of telephone lines has
alinea. seront adaptes. to be carried by the owner. No state monopoly tax is levied.
Dants les zones d'inondation communes A plusiours lacs The Military Warning Service, personal, accommodation
d'accumulation. les installations d'alarmo-eau seront 6ta- and material are available in peacetime and temporarily free
blies de fa4;on a 6tre utilisables pour chacun de ces lacs. Les of charge. The cost of clause 7 hereof is covered by the Civil
propridtaires des ouvrages en cause se repartiront equita- Protection Organization.
blomnent los frais de construction et d'entreien correspon-Aril 3s
dant at ces zones. Si aucun accord ne peut 6tre conclu. le Awnrt.ctenants adrsdnso ulig n elett
diff~rend sera tranchi§ par l'autoritd de haute surveillance. Onrtnnsadrsdnso ulig n elett
Les offices f~d6raux et cantonaux: do la prtcin iies in the close zone are obliged to enable the installation and

pr~prernt acompir galmenten amp dopai totesthe use of water alarm devices and to grant access to these
los tiches; dont its soront charg6s en periode de service ac devices to all control personnel.
tif, en tenant compto des probibmes sp~dcaux pos6s par $0s Damage caused by, the installation and the controls and
dangers que pr6sentent les lacs d'accumulation. 11 s~agit en unimputable impairment of the use of such premises consti-
particulier do la diffusion de r'alarme dons; hes zones 61loi- tute a claim for indemnification.
gnies et des instructions A donnera AIa population quant A la The owner has the power of expropriation as far as neces-
manu~re do se comportor. sary for the installation and maintenance of water alarm de-
Le proprihtaire do l'ouvrage dolt entretenir ou faire entre- vices. The practise of this power is governed by the regu-
tenir hes installations d'alarme-eau selon los regles do V~art. lations of the Federal Law of June 20. 1930 regarding E~x-
Elles seront misos, a disposition do la troupe, en bon 6tat de propriation.
marche, pour los; cours d'instruction periodiques ot en ca The same principles apply for the installation and use of
do danger. Le contr~le annuel do ces installations *istquo telephones or other devices for the electric or radio-electric
les essais d'alarme seront ordonnis par le Di~partoment transmission of signals and messages, serving the alarm
militaire tiderat, apres entente avec Be proprietaire do system or the transmission of water alarms in the close

I~ouvage.zone.
Les frais occasionnes par ia mise A disposition ainsi quo
l'utilisation des lignes tdiephoniques des PTT sont A la
charge du propriitaire do l'ouwage. conforrniment aux
conditions d'abonnement en viguour. 11 West pas perqu do
droits regaliens. Le service d'alofle do I'armie, hommes. to-
caux et matiriel, sera mis en service gratuitement en cas
d'utilisation temporaire en temips do paix. Les dipenses
correspondant aux tAches assignedes a la protection civile
solon Be 7e alinea sont A la charge do celle-ci.

Art. 23bis
Los proprietaires et possesseurs do biens-fonds et do bb-

* timents sont tonus d'autoriser la pose et l'utilisation dins-
fallations of dedquipements pour I'alarme-eau dans la zone
rapprochie at do permettre aux organes do contr6le d'y ac-
ceder. Ces obligations s'appliquent aussi aux termiers, to-
cafaires; ot autres; occupants des immoubles.
Si des dgiats sont causis par les. travaux d'aminagoment
ou par los mesures do contrdle ou si l'utilisation des locaux
necossaires est entravis de faqin excessive, les lises ont
droit A un didommagement i~quitable.
Lo propriitaire do I'ouvrage poisabd le droit d'expropria-
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lion. dans Is meaur*ofn colui-ci eat n6cessasre pour I& cons- IV. InfitaI Operation
tnaction ot I sntretien des ouvragos ci da" installahions.
LoexerCiceo deo droit so r~gle Sur les dispositions do 1a11o6 Article 24
16diralo du 20 juin 1930 sur I-expropriation. The filling of the reservoir may only start when the satae of
Lea simm rhgles sant applicables liOUr Is Pose et 1uti131a- the Construction work permnits it without danger to public
lion do materiel tiliphonique ou autres iiquipements do interests. The closing and safety devices have to be leassed
transmission diectnictue ou radiodlectrique do signos au do beforehand with respect to their operational ability and have
aons. utilliss dans tes installations dalarme-eau ou los liai- to be kept operative at all times.
sons 6tablies pour donner l'alarme dans la zone rappro- The intended program far the first filling at the reservoir has
chhe. to be Submitted to the Supervising Authorities in due time.

IV. iseen xplitaionBefor the first filling of the reservoir. the program and the

Art. 24 reports for all measurements according to Article 12 have
On no proc6uera A la mise en eau du bassin qu'au moment to be determinied in agreemnent winth the Supervising
ofn ItMat davancement des travaux le pernioltra sans moltre Authorities.
on danger des intirits publics. Les disposiltis do formeture Article 26
et do sicurit6 weont prealabloment contr6les quant ai lour After completion, the dam is chocked whether it is built in
bon fonictionnemetiit et devront 6tre maintenus en 6tat de accordance with the approved design and with the instruc-
marche. tions of the Supervising Authorities.
Le programme do [a premniere miss en eau sera remis en The result ot this inspection is recorded. The structural con-
temps utile aux autorit~s de surveillance. ditionl of the dam. the essential results of the observations

Art. 25 performed according to Article 25 and the operating ability
Avant to debut do la premiere miss en eau, le programme have to be chocked.
des ifesures it fare conformilment A larticle 12 ainsi quo la
friquenco des rapports y reatifs devront 61re fixis avec V. Operation and Maintenance
I'accord do Iautonti do haute surveillance.

Art. 26Article 27
Aprbs l'ach~vement des travaux. los autonitis do surveillan- The owner has to organize his operationis in such a way that
ce virifleront si tobarrage a 60construft confornilment aux a reliable control of the dam Is guaranteed.
plans approuvis par les autortths et selon leurs instructions. The outlets and the moving parts of the spillway have to be
Ce contr~lo sera consagni& dans un procbs-verbal qui men- tested for operational readiness by performance tftoslwlhn
tionnera 14tat du barrage. los risultats ossentiets des ob- appropriate periods, as a rule once a year. The Supervising
servations fattes conformimont A Itarticlo 25. ainsi quo los Authority has to be informed in advance of such test.
constatations; faites au aujot du fonctionnoment des diver- Aricle 28
ses parties do r'ouvrage. Ail observations and nwasuroments riecessary for fth

monitoring of the behaviour of the dam have lo be regulairy
V. Exploitation et entretien taken and immiediately evaluated.

Dams have to be checked once a year by experienced civil
Art. 27 engineers. Owners who have no such personnel have to
Le propriitaire do l'ouvrago d'accumulation en organisera charge engineers from outside their organization with these
r~exploitation do fagon A on assurer l'utittsation et la surveil- inspections.
lance d'une manibro satisfaisante. Furthermore, the owner is obfigod to have periodical checks
Li6tat do marche des vannes des vidangos ef des 6vacua- of the dam made by recognized experts in dam construction
tours do crues dolt 6tro contr~ld au moyer. u oessais do fonc- (engineers, geologists). Those inspections have to cover
tionnemoent exicutis A intervalles convenabies. en giniral the dam Itself as well as the surroundings of the reservoir.
une fois par an. L'autorit6 de haute surveillance en sera They have to be undertaken at least every five years. provid-
prialablement informile. ed that no special reasons call for shorter periods.

Art. 28The results of all inspections have to be recorded in reports.
Art. 2 These reports have to be submitted to the Supervising

Toutos; los observations of mensurations; nicessaires pou Authority.
verwifier to comportement du barrage seront oxicut~es r6- It monitoring or inspections call for remedial actions. they
guliroement puis interpritios sans dilai. have to be taken immediately and the Supervising Authority
Les ouvrages do rotenue devront 6tre contr~lds chaque an-noiidteof
nee par des inginieurs civils oxperimentes. Les propriitai-noiedtrof
res d'ouvrage qui nen ant pas dans tour personnel feront
contr6ler tours installations par des ingeniours venant du
dehors.
Le propriftair do l'ouvrage devra en outre faire contrbtor
colui-ci pilriodiquement par des spicialistes en construc-
tion do barrages roconnus (inginiours. gioogues). Cos
contr6les porteront aussa bien sur to barrage proproment dit
quo sur lea environs du bassin do retenue. A momns quo des
rassons. particulibres n-imposent des contr~los plus fr4-
quents. ceux-ci auront lieu au moins bous lea cmnq arts.
Los risultaft do con contrilo saeront consignis dana des
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rapports et portds a la connaissance de l~autorite de haute Article 29
surveillance. In case of extraordinary events such as unusual behaviour
Les mesures qut se reveleront necessaireS a ia Suite des Ob- of the dam, earthquakes. landslides. rockfalls. avalanches.
servations et des contr~les elf ectues seront appliquoes urn- etc. which could affect the safety of the dam or induce an
mediatement; l'auloritei de haute surveillance en sera int or- extraordinary flood. the plant management has to take lin-
m~e. mediatelly all appropriate actions to avr an impending

threat to the dam. Possibly, the precautionary drawdown of
Art. 29the reservoir within the capacity of the downstream river-En cas d'6vinements extraordiariares, tles, que comporte- bed has to be sta~e. The management appoints qualifie

ment anormal au barrage, siismes, glissernents de terrain, professional enginees as consultants. The Supervising
dboulements. avalanches et autres. qua menaceraient Ia s5L Authorities of the State and the Confederation have to be in-
curitd du barrage ou feraient craindre des crues exception- formed as quickly as possible.
nelles. Ia direction de rusine prendra sans d6lai les mesures The State Authoriie call up the Civil Protection Organi-Ipropres A 6carter le p6ril qui menace l'installation do rote- zation to carry out Ithe necessary actions according toflue. Le cas 6cheant, edle abaissera preventivement le na- Article 23 claus 7.

veaudu ac accmultio. copteten deIs apaitdOn request of the State. the Army mobilizes her Militaryd'6coulement du cours d'eau. Elie so fera conseiller par des Warning Services, who activate the water alarm system and
sp6cialistes. Les organes de surveillance du canton et do la its pertinent communication net.

Conedeatin sron resein~sparIa oiea pus apie. The plant management warnis the Alarm Organization des-
Los autoritis cantonales mobilisont los organismes do pro- ignated by the State as quickly as possible. This Alarm Or-
tection civile pour 1 execution des mesures necessaires se- ganization alerts the Local Councils of the endangered
Ion I'article 23, 7e alinia. areas, the local commanders and commanding officers of
Sur demande des autorites cantonaleS. Ia Subdivision du Independent Military Fire Brigades, industrial and transport
service territorial mobilisera son service d'alerte et fora pro- companies, power stations, as well as military works. ser-
ceder A Ia mise on service des installations d'allarme-eau, y' vices and headquarters-
compris le r6seau do transmission. The water alarm is released by the Military Warning Service
La direction do Vusino alertera par Ia voie Ia plus rapide le by arrangement with and at theresponsibififyoftheowner.

poso datame isinA ar 0 cnto. C denie alrtea a Circumstances permitting, these precautions are taken in
son tour los autorit6s locales, los chefs locaux: et los com-
mandants des sapeurs-porupiors do gureidpna s agreement with the Federal Supervising Authorities. If nec-

lesenrertesindstiele a d trnsor. es uind~endants, essary. the Federal Council may request the State and the

tinques, los Atablissements mdaltaires et los services et com- patmngmn oatacrigy
mandements militaires qui se trouvent dans los r~gions me- Article 30
nacibes. The owner takes care that all documents concerning the
L'alarmo-eau sera diclench6e par 1e Service d'alerte do dam are filed and permanently up-dated (Recordls of the
I'arm6e. sous Is responsabifitib du propriftaire du lac d'ac- Dam).
cumulation, qui en donnera l'ordre. The records have to include. clearly filed, in partcular:
Si los circonstances 10 permettent. ces mesuros weont Or- a) the design with the essential as-built drawings and the
donn6es avec: Paccord do I'autorit6 f~dirale do hauto sur- necessary analyses of stability and strse of the dam
veillance. Sail y a lieu, 1e Conseil f6d6ral pourra imposer aui b) the results of the tests on construction materials and of
canton et A Ia direction do t~usine I'ex~cution des mesures other investigations;
n~cessaires. c) information on the execution of the cons~truction work;

d) the records of the final inspection of construction
An. 30 according to Article 26:
Le propridtaire de r'ouvrage oct tenu de constituer un dos- e) the results of the subsequent investigations and all in-
sier concernant 10 barrage ot do le tenir constamment A jour formation on maintenance and monitoring with all re-
(journal du barrage). suits;
Le dossier. dont los pieces seront classies avec ordre, Q information on additional constructions and recon-
devra notamment contonir structions;
a. Les documents concernant 10 projet, parmi lequl le g) all reports on inspections performed by experts;

plans d6finitits principaux ot los donnines justificatives h) scheme of the water alarm organization, showing type of
sur Ia stabilite et los sollicitations du barrage; communication, installed alarm devices and their exact

b. Los risultats des essais des matdriaux utilises dans [a position;
construction at des autres recherches opbr~es; i) a list of responsible Federal and State Authorities to be

C. Des donnies sur 1'execution des travaux; informed or alerted by the owner in case of an
d. Les Proceis-verbaux do r~ception des ouvrages seoln extraordinary event.

article 26; The documents have to be presented to the Supervising
e. Les resultats des recherches. taites ulttrieurement. ainsi Authorities of the Confederation and the State on demand

quo toutes los donnibes sur I-entretien et Ia surveillance and at any time.
avec: los r6sultats de toutes los mensurations faites;

I. Des dOnndes concernant los travaux complr~mentaires
ou los transformations apporties;

g. Los rapports sur los COntr~ies effectuibs par des spdcia-
fiates;

h. Le schima do l'organisation d'alarme-eau irndiquant 10
genre at remplacement des liaisonts at des appareils
d'allarme spiciaux qui ant 6t6 installed;
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i. La bone des organes complitents sur ie plan ledilral ot IV. Transitory Provisins. PWoMiin Wo WAa*CI
cantonal qui doovent *tre avertis ou alarm6s Par 10 Pro- Protection. Final Provisions
prvitsire do Vouwage en cas d~viinemort extrawdi-
naire. Article 31

Ces piece doivent 6tre pr~senlIes aux autori~s do uirveio- The Supervising Authority determineS in agreeMent with Che

lanice do Ia Cont6diratsof at du canton A chaque r~quWs- interested Departments and afte hearing the Owner as to
tion. what extenit the articles Of lthis decree are valid for existing

plants.
V7. Dispositions transitoires. dispositions concernant Article 32
ja protection juddique et dispositions finales Against decisions of the competent Dermerflt. that are

Art. 31based on this decree. a complaint can be lodged with the

LAutrt. 31 huesrelac ~cd ascau ad Federal Council according to the General Provisions of the

concert avec los departemonts intdress6s et apris avoir en-FeraJuidcon
tendu to propridtaire do Ilouvrage, dans quelle mesure les Article 33
dispositions du present r~glement sont applicables aux Cu- This decree becomes effective at once.
wrages oxistants.

Art. 32
Contormiment aux dispositions g6nirales sur Ia justice ad-
ministrative fedirale. le recours est ouvert jusqu~au Conseil
f~diral contre les dicisions prises par les dipartements
comp6tents.

Art. 33
Le present r~glement entre immidiatement en vigueur.

8.2 R~vision du r~glement 8.2 Revision
concernant les barrages of the Dam Regulation
Une rivision du reglement concemnant Ins barrages ott prh- A revision of the dam regulation is now in process. Its aim is
sentement en cours. Elie a principahement pour objet do r*- to modify the water alarm system in order to reduce Ihe wa-
duire A quoiquos houres le temps do mise en foniction du ter alarm delay in peacetime from 48 hours (maximal time at
systibme alarme-eau en temps do paix. qul sot aujourd'hui present) to a tew hours. The revision will presumabl come
de 48heures au maximum. Son enre on vigueureadtpr6vue into force in 1985. The articles 23 and 29 will be changed
pour 1985. Souls los articles 23 et 29 Ont 616 modiflds et Its and read as follows:
auront Is teneur suivante:

Article 23 (draft)
Article 23 (projet)

I In all came mentioned in Article 3. clause 3. a water alarm
1 Dans les cas fixis A l'article 3. 3e alin6a, un syst~me system is to be installed, which can be used at any time
d'alarmo-eau sera install6 do Isaron qulil soit utilisable A tout when a danger to the downstream area of a dam is
moment lorsque la population habitant en aval do lacs; d'ac- recognizable.
cumulation est manitestoment miss en p6nll. 2 The whole area flooded in came of the total collaps of a
2 La r6gion inond6e en cas do destruction totale du bar- dam is divided into two zones. The close zone consists of
rage est divis6e en une zone rapprochibe ot une zone dloi- the area flooded within two hours at the most, the distant
gnee. La promibre comprond Ia zone inonddeen, in d~lai do zone of the rest of the flooded area. The definition of a close
deux heures; au plus. landis quo la seconde sdtend au raste zone is not necessary. if the flooded area is small and a dis-
du territoiro toucht. tant zone alarm system is sufficient.
On pout renoncor A difinir une zone rapproch6e si la rigion 3 In the close zone, the alarm is raised through water alarm
iaond6e est petite of si le systime d'alarme prhvu pour Ia sirens. In the distant zone, alarm is given through release of
zone *6iogn~eesot juge suffisant. the general alarm and announcement of behaviour itistruc-
3 Dans ia zone rapproCh6e. laslarme ett donnie A l'aide des bions by radio. The alarm signals to be used are specified in
sirenes slarme-eau; dans Ia zone 6loign6e. elle a lieu par le the regulations regarding Civil Protection. If necessary.
diclenchemont do l'alarme g~niraleofe Ia diffusion, Alas rg- alternative alarm signals may be used. If the Warning Regi-
dio, d~ristructions sur le comportement A suivre. L'ordon- ment' is on duty, the regulations of the Decree Concerning
nance sur is protection civile fixe los signaux d'alarmle et. en Territorial Services are also valid. For the case of technical
cas do n~cessit6. Vemploi de signaux do remplacement. breakdowns in the communication and alarm system
Lorsque le r6giment d'alortel entre on service. les prescrip- alternative systems have to be prepared by taking advan-
tions do I ordonnance concernant l~organisation territoriale tage of the available means. In particular. It the water alarm
et le service territorial sont en outre applicables. sirens fail in the close zone, alarm shall be raised as in the
Quand une panne technique affecte Ins moyens do trans- distant zone.
mission ou 10 "y&tM daslarme. an a recount A des moaens 4 The following degrees of preparedness are valid for the

dis remplacement. En particulier. &-il segit d'une panne des water alarm -,stern:

'auvelatM-s16 amea.rm.'rufr tmn u~c
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sirenes de 'alarme-eau. I'alarme est donnee de la mime a) degree of preparedness 1: link between water alarm
maniere que dans la zone eloagn6e. centre and water alarm sirens disconnected; water
4 Le sysleme d'alarme-eau comprend les degres de pre- alarm sirens locked. no warning staff on duty;
paration suivants: b) degree of preparedness 2: link between water alarm
a. Oegri de pr6paration 1: liaison interrompue entre la centre and water alarm sirens in working condition. wa-

Centrale d'alarme-eau et les sirenes de cette alarme, si- ter alarm sirens locked. no warning staff on duty;
renes alarme-eau verrouillees. aucun personnel d'alar- c) degree of preparedness 3: water alarm system in work.
me en service: ing condition, no warning staff on duty;

b. Degrd de preparation 2: liaison entre la Centrale d'alar- d) degree of preparedness 4: water alarm system in work-
me-eau et les sirbnes de cette atarme prite A tonction- ing condition, warning staff on duty.
neo. sirenes alarme-eau verrouillees. aucun personnel The owner unlocks the water alarm sirens by order of those
d'alarme en service; authorized in clause 5. If necessary, he asks the Federal

c. Degre de preparation 3: systerme d'alarme-eau pr6t i Post. Telephone and Telegraph Service to connect the
tonctionner, aucun personnel d'alarme en service; communication links. Ordinarily, degree of preparedness 2

d. Degre de preparation 4: systeme d'alarme-eau pret a is valid in the strategic base case (peacetime). in all other
tonctionner. personnel d'alarme en service. strategic cases, degree of preparedness 4 is valid.

Le deverrouillage des sirenes alarme-eau par le proprietaire 5 Authorized to change the degree of preparedness are:
de I'ouvrages'ellectue sur I'ordre des organes competents a) the State Authorities and the Federal Office for Water
cites A I'aline:a 5. Le proprietaire demande le raccordement Economy in case of technical or natural threat; in the
aux PTT si necessaire. strategic base case (peacetime), both of them may ask

the Territorial Service to mobilize the formations of the
En regle genrale. le degre de preparation 2 est valable pour Warning Regiment;
le cas strategique normal (temps de paix), et le degre de b) the Army High Command in case ofthreat byactsof war.
preparation 4 cjans tous les autres cas strategiques. The above-mentioned authorities inform each other about
5 Sont competents pour changer de degr6 de preparation: ordered changes in the degree of preparedness.
a. Les autorites cantonales et rOffice fW6dral de l'6cono- 6 The States provide for:

mie des eaux sile danger r6sulte d'un v6nement naturel a) planning, preparation and implementation of the
ou est d'orgine technique; dans le cas strat6gique nor- measures guaranteeing the reception of the alarm or-
mal (temps de paix). tous deux peuvent demander A ta ders and giving the general alarm in the endangered
Division du service territorial I'engagement de forma- area;
tions du regiment d'alerte; b) planning and preparing the evacuation including the

b. Le commandement de I'armie si le danger est dO A des previous information of the population;
faits de guerre. c) training of the staff needed for the implementation of the

Les organes ci-dessus sinforment mutuellement, sans re- measures mentioned in a and b;
tard. des ordres visant A modifier des degres de pr6paration. d) preparation of the information for the population and the
6 Sont Al la charge des cantons: transport companies concerned about the threat and
a. la planification, la preparation et f'excution des mesu- their appropriate behaviour.

res destinees i assurer la rception des ordres d'alarme The States have to maintain an alarm organization always
et la diffusion de 'alarme g6nerale dans les zones me- ready for action.
nacees; 7 The owner has to provide at his own costs the necessary

b. la planification et la preparation visant I'dvacuation de la facilities, such as:
population, y compris l'information pr6alable de celle-ci; a) blast-resistant water alarm centres and observation

c. la formation du personnel requis pour exlicuter les tb- posts;
ches decrites sous a et b; b) accommodations for a detachment of the Warning Regi-

d. la preparation de l'intormation destinlie A la population ment situated nearby-.
et aux entreprises de transports, quant a la situation et c) in the close zone, automatic alarm sirens working inde-
au comportement A suivre. Pendently from the electric supply net;

Les cantons doivent disposer d';- 1 pt- nanence et d'un d) a telephone and radio fink between the dam and the
service d'alarme prets en permanr- -' State Authorities. The radio link has to be guaranteed in
7 Le proprietaire doit construire i ses frais les installations Peacetime for degree of preparedness 4 only.
necessaires tels que The alarm devices have to comply with the specifications of
a. les centrales alarme-eau et les Postes d'observations the Federal Military Department and the Federal Post.

capablesle re~sister a londe dechocd'uneexplosion; Telephone and Telegraph Service. Water alarm centres
b. les logements du detachement d'alarme-eau, installis A have to be connected to the communication link stipulated

proximite; in Article 18.
c. dans la zone rapprochee, des sirenes d'alarme auto- 8 In areas belonging to flood zones of different dams, the

matiques et independantes du reseau 6lectrique; joint use of the alarm devices has to be provided. The costs
d. la liaison tilephonique et ia liaison par radio depuis le for the installation and the maintenance are adequately dis-

barrage, pour pouvoir atteindre les at,3.rites canlonales; tributed among the various owners. In the case of disagree-
en temps de paix, la liaison radio ne doit btre garantie merit, the Supervising Authority takes the decision.
que durant te degre de prdparation 4. 9 Water alarm facilities are to be professionally maintained

Les appareils d'alarme doivent 6Ire conformes aux rgle- and kept in working condition by the owner. They may be
ments du Dipartement militaire fidlral et des PTT. Les con- used by the Warning Regiment for training purposes. The
trales d'alarme-eau sont reliies aux installations de trans- yearly control of the water alarm system and its tests are ar-
mission de renseignements 01 d'ordres 6tablies en aPPlica- ranged by the Federal Military Department in agreement
tion de I'article 18. with the owners.
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S1 Lorsqu'une zone dinondation sot commune hpkasmur 5 10 The cost for the preporlion and used ofleon lines
laos d'accumulation. les insltallations d~alarmOti-o 5001 has to be carried by th iownr according to the niormal con-
6tabltes do fai~on A 6tre utilisables pour chacun dowix. Los ditions of use. No stale monopoly tax is levied. Engage-
proprietaires des ouvrages en cause so r~partisserit 6iqw- monts of the Warning Regiment are at no cost for the owner.
tablemont los frais do construction et doentretmen. Lautonitd Services by Stats and Municipalities areat their own costs.
do haute surveillance tranche les dfiffilrends.
9 Le propridtaire do t-ouvrage doit fare entretenir les ins- Ailice 29 (draft)
tallations daslarme-eau solon los rigles do l'art. Elles seont
mises; A la disposition do Is troupe. sans trais ot en tat do 1 In case of extraordinary events such as unusual behav-
marche, pour los cours d'instruction piriodiques ot los; mo. iour of the dam. earthquakes, lanidslides. rockfalls. ava-
bilisations. Le contri~le annuel des cos installations ainsi lanches, etc. which could affec the safety of Vhe dam or in-
quo los essais d'alarme weont ordonnis par le D6partement duce an extraordinary flood, the plant management has to
militaire f6d~ral. apres entente avec le propridlaire do l-ou- take immediately all appropriate actions to aVert an
wrage. impending threat to the dam. Possibly, the precautionary
10 Los frais occasionnis par Ia mise A disposition ainsi quo drawdown of the reservoir has to be started. it feasible
l'utilisation des lignes tilphoniques des PTT sent a la within the capacity of the downstream rivr--bed. The man-
Charge du propriitaire do Youvrage. conformimnwt aux agement appoints qualifieod professional engineers as con-
conditions d'abonnpment en viguour. 11 n'est pas perqu de sultants. The Supervising Authorities of the State and the
droit rigalien. Les mobilisations du rigiment d'alerte noen- Confederation have to be informed as quickly as possible.
trainent aucun frais. Les cantons et los communes prennent 2 Circumstances permitting, these precautions are taken in
A lour charge les taches qui lour sent assignees. agreement with the Supervising Authority. If necessary. the

Supervising Authority may request the State and the plant
Article 29 (projet) management to act accordingly. If the event can no longer

be controlled safely, the water alarm system has to be acti-
1 En cas di6vdnernent oxtraordinaire. tots qu'un compor- vated.
ternent anormal du barrage. un siisme, un glissement do 3 If the degree of preparedness 4 has been ordered for the
terrain. un dboulement, une avalanche et autre mentace water alarm system, the Federal Office for Wate Economy
pour la sicurit6 du barrage. ou qui ferait craindre une crue arranges for the engagement of th National Alarm Centre.
exceptionnelle. le propridtaire do l'ouvrage dolt prendre The State Authorites call up the local alarm organizations
sans dilai los mesures propres A 6carerW le pbril pour la re- and instruct the population in the flood zones as well as the
tenue. Le cas 8ch6ant. iI abaissera priventivement le niveau transport companies, particularly the Swiiss Federal Railway
du lac d'accumulation. compte tenu, lor~quo cola oct pos- and the Federal Post. Telephone and Telgaph service.
sible. do la capacitt dicouloment du cours d'eau. 11 so f era about the threat and the behaviour in case of releasing of
conseitler par des spilcialistes. Los organes do surveillance the water alarm. The State Authorities determine the area to
du canton 0t do la Confidiration weont renseagnes par la be alarmed and intform 11to National Alarm Centre, Nt only a
voie la plus rapide. part of the distat zone is to be alarmred. The Municipalities
2 Quand los circonstancos le permettent, los mesures sent take care that the general alarm may be released! at any time
Prises d'un commun accord avec l~autorite do haute sur- in the endangered area. In the stratgic base case (peace-
veillance. Au bosomn, cefte dernire pout demander au can- time), the military works, services and headquarters con-
ton et au propriitaire do I'ouvrage do prendre los mesures cerned are to be informed by the Group for General Staff
necessaires. Si li6vinement n~est plus maitrisable avec cer- Services, in all other strategicat Cases by the Army High
titude, to systerne d'alarme-eau est mis en Mtat do tonction- Command.
nor. 4 Authorized and responsible for the release of the water
3 Lorsque le degre de priparation 4 do l~alarme-eau Oct do- alarm are:
crdte, I *Office federal do tedconomie des eaux ordontne Ia a) in the Close zone the Owner in cas of technical or natu-
mise on dtat d'alorte do Ia Centrale nationale d'alarmo. Los ral threat and the Warning Regiment in case of acts of
autoriles cantonales convoquent los organismes locaux war-,
d'alarmne et renseignent tant [a population des zones b) in the distant zone the National Alarm Centre and the
d'inondatson quo los entreprises do transports (notamment Warning Regiment it the tatter or part of it is on duty.
los CFF ot les PTT) sur les dangers et le cofnportement A 5 In the close zone, the water alarm has to be released, if
avoir on cas do declenchement do l'alarme. Ils diterminent a) in case of technical or natural threat a flood wave can
Ia region a alarmor of en informant la Centralo nationale probably not be prevented any longer
dans la mesuro o& iI no taut pas alarmer touto la zone 6loi- b) in case a destruction was produced by acts of war load-
gn~e. Los communes veillent a ce quo l'alarme generalo ing to an important water release. in case of damage
puisse btre diffusee en tout temps dans los zones mona- without important water release, the owner has to pro-
coos. Dans le cas strategique normal (temps do paix). los coed according to clause 1.
etablissements, services et commandoments mititairos se- 6 Immediately after the release of the water alarm in the
ront intormes par r'itat-major du groupement de ledtat-ma- close zone, the owner or the Warning Regiment has to in-
for gendral. dans tous los autres cas par le commandement form the National Alarm Centre as well as the State
do l~armee. Authorities. Immediately on receipt of such an information,
4 Sont compitoents ot responsables pour le declenchemnent the National Alarm Centre releases the general alarm in the
do I'alarme: distant zone by radio. It the State Authorities Concerned
a. dans Ia zone rapprochie. le propriitaire en cas dodan- have not previously decided something else. The National

ger r~sultant d'un 6viknement natural ou d'origine tech- Alarm Centre also diffuse by radio the prepared behaviour
nique. Isrigimont dalerte sito danger est duaJides fait de instructions, if the Warning Regiment is on duty. its intor-
guerre; Matioui on radio-telephiony, channel 3. is also considered as
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b. dans I& zone dioign6e. la Contrale nationtal. d~alarmne at order to release the general alarm. Its contents must corre-
10 rigiment dalere. si celut-ci est lotalement ou partia- spond to the alarm order from the National Alarm Centre.
lament engag6. 7 Anyone who detects a breakdown en the cornmunication

5 L'alarme-eau doit dire doclqnchde dans la zone rappro- link or alarm System is obliged to intorm the Stat.
ch~eSi.Authorities. The latter determine an aitenative alarm sys-

a. lots do dangers risultant d'un 6v6nemenl natural ou torn and inform at once all concerned. In case of urgency, it
dorigine technique. uno vague dinondation ne pout may be GOne by means of the National Alarm Centre.
plus, selon toule probabilite. iMre "Wt~;

b. en cas do fafts do guefre. it y a destruction entrainant un
6coulement important. Lors de dfgits sans 6coulement
important. lo propridtaireded louvrage agira solon los di-
rectives privues au chiffre 1.

6 Apris Ie diclenchement do I'alarme-eau, le propilitire
do l'ouvrage Cu le ditachement du rigiment dalofle doit.
sans dilai. informner tant la Central. nationale dalarme quo
las autoritis cantonalos. Dis la reception d'un tel message,
la Central. nationale d'alarme ordonno tout do suite par ra-
dio le dictepchernent do I'alarmo generale dans toute Ia
zone 6Ioignie. dans Ia mesure o6 los autoritis des cantons
concernis nont encore riot' ddcW doautre; elle diffuse
igalement par radio los instructions d~ij priparies au sujet
du comportement it suivro. Si une formation du rigiment
d'alerte est ongagie. il lui appartiont aussi do diffuser le
message dalorto par le canal 3 do la tilidiffuuiori. Ce mes-
sage a igalement valour d'ordre pour le dicienchement de
l'alarme ginibralo: sa teneur Gait concorder~avec ta mission
d'atarme do IaI Central. nationale.
7 Tout organism. qul constate une panne,. tant dans la sts-
time do transmission quo dans le systmem d'alarme. Oto
tenu den informer sans Gilai los autorits cantonaWe. Cot-
los-cl mettent en place los moyens do remplacmtent et en
informaent unmmdiatement tous los organes concemis. En
cas d'urgonce. sios pouvent utiliser A cot ~ eftls moyens
do IaI Central. nationale d'alarme.
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